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SM almost UV-complete: 

  - simplicity as a guiding principle,

    solve issues with DM and BAU

EWBG: Obvious models are ~dead:  
MSM, MSSM, 2HDM… 
    - Transition strength (TS)?

    - CP-violation ? 
EWBG goes Dark Side 
    - Higgs portal/singlet models (DM,TS)

    - CP-portal 
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UV-completion
Robinson and Wilctzeck,
PRL 96, 231601 (2006) 
Wetterich and Shaposhnikov,
Phys.Lett. B683 (2010)
May we have just (almost) SM all  
the way to the Planck scale?
HIERARCHY PROBLEM
Asymptotic safety
No intermediate scales
FT. UNIFICATION 
problem of gauge Landau poles
behaviour of relevant operators
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Figure 1: Left: SM RG evolution of the gauge couplings g1 =
p
5/3g0, g2 = g, g3 = gs, of the
top and bottom Yukawa couplings (yt, yb), and of the Higgs quartic coupling  . All couplings are
defined in the MS scheme. The thickness indicates the ±1  uncertainty. Right: RG evolution of
  varying Mt, Mh and ↵s by ±3 .
the Yukawa sector and can be considered the first complete NNLO evaluation of   (µ).
We stress that both these two-loop terms are needed to match the sizable two-loop scale
dependence of   around the weak scale, caused by the  32y4t g2s + 30y6t terms in its beta
function. As a result of this improved determination of   (µ), we are able to obtain a
significant reduction of the theoretical error on Mh compared to previous works.
Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of
±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the
Planck scale is
Mh [GeV] > 129.4 + 1.4
✓
Mt [GeV]  173.1
0.7
◆
  0.5
✓
↵s(MZ)  0.1184
0.0007
◆
± 1.0th . (2)
Combining in quadrature the theoretical uncertainty with the experimental errors onMt and
↵s we get
Mh > 129.4± 1.8 GeV. (3)
From this result we conclude that vacuum stability of the SM up to the Planck scale is
excluded at 2  (98% C.L. one sided) for Mh < 126GeV.
Although the central values of Higgs and top masses do not favor a scenario with a
vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed
2
Espinosa, Giudice, Riotto, JCAP 0805 (2008) 002
Degrassi etal, JHEP 1208 (2012) 098 
with ravity corrections, or…
Possible running to negative coupling 
can be cured for example by a singlet S
 hs|H|2S2 )  ( )!  ( )SM + 1
2
 2hs ( hs ⇡ 0.7)
1
2
(technically)
Remain the problems of
BARYON ASYMMETRY 
DARK MATTER 
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If minimality is the 
guiding principle,  
these should rather 
be solved at low E
Dark Matter (Thermal) WIMP (Freeze-out)
 DM ⇠ 1hv iCold

Non-baryonic

Neutral, or weakly interacting

Stable (by some discrete symmetry)

           DM DM—> SM SM

                  DM—> SM +…
S,…SM
Dark sector
Simple Portals to (perhaps complex) Dark sector
DM
V = VMSM +
1
2
µ2SS
2 +
1
2
 shS
2|H|2 + 1
4
 sS
4
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Popular context:
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Solution: DM (Given Z2-symmetry)  DM can be singlet scalar
V = VMSM +
1
2
µ2SS
2 +
1
2
 shS
2|H|2 + 1
4
 sS
4
The (simplest possible) model:
9
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FIG. 5: Predicted distributions (in arbitrary units) of the strangeness content y of the nucleon (left), the nucleon matrix
element  0 (centre) and the Higgs-nucleon coupling factor fN (right). These are drawn from a random sample generated using
experimental and theoretical constraints, as explained in the text.
⌦
S /⌦
D
M =
1
 h!
SS
XE
NO
N1
00
(2
01
2)
XE
NO
N1
00
⇥ 5
XENON100 ⇥ 20
XENON1T
 3
 2
 1
0
lo
g 1
0
 
h
s
45 50 55 60 65 70
mS (GeV)
⌦S
/⌦D
M
= 1
X
E
N
O
N
10
0
(2
01
2)
X
E
N
O
N
10
0
⇥
5
X
E
N
O
N
10
0
⇥
20
XE
NO
N1
T
 2
 1
0
lo
g 1
0
 
h
s
2.0 2.5 3.0 3.5
log10(mS/GeV)
FIG. 6: Limits from direct detection on the parameter space of scalar singlet dark matter. The areas excluded by present
limits from XENON100 are delineated with solid lines and dark shading (not to be confused with the diagonal solid line and
corresponding dark shading indicating the relic density bound). Dashed, dotted and dot-dash lines indicate the areas that
will be probed by future direct detection experiments, assuming 5 times the sensitivity of XENON100 (dashes, medium-dark
shading), 20 times (dot-dash line, medium-light shading) and 100 times, corresponding to XENON 1-ton (dots, light shading).
Note that for cases where the scalar singlet is a subdominant component of dark matter, we have rescaled the direct detection
signals for its thermal relic density. Left : a close-up of the resonant annihilation region, with the area ruled out by the Higgs
invisible width at 2  CL indicated by the shaded region in the upper left-hand corner. Right : the full mass range.
di↵erential rate of detection dR/dE is proportional to
(⇢ /mDM) SI, where ⇢  is the local DM mass density.
Thus the appropriate rescaling of the limiting value of
 SI is by the fraction frel = ⌦S/⌦DM of energy density
contributed by S to the total DM density. We assume
that there is no di↵erence in the clustering properties of
the singlet component and any other component, so that
the local energy density of S is frel ⇢ . We therefore
demand for every value of { hS,mS} that
 e↵ ⌘ frel  SI   Xe , (24)
where  Xe is the 90% CL limit from XENON100. Unlike
with indirect signals, we do not perform this rescaling
if the thermal relic density exceeds the observed value.
This is because, unlike some indirect signals, the direct
detection limits depend on a mass measurement (i.e. the
local density of dark matter) that is largely independent
of cosmology, and therefore would not be upscaled even
if the relic density were extremely large.
The resulting constraints in the mS– hS plane are
shown in Fig. 6, as well as projections for how these
limits will improve in future xenon-based experiments,
assuming that the sensitivity as a function of mass scales
relative to that of XENON100 simply by the exposure.
The contours showing improvements in the current sensi-
tivity by a factor of 5 or 20 will be relevant in the coming
⌦ ⇠ 1hvMol i ⇠
1
 2hs
Xenon bounds account  
for the fact that frel  ≤ 1.
J.M.Cline, KK, P.Scott, 
C.Weniger
PRD88 (2013) 055025
 MANY (m re complicated) alternatives al o work
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EWBG in a nutshell
• At critical temperature Tc ∼ 100 GeV, bubbles of true vacuum
(⟨H⟩ ̸= 0) form and start expanding.
• Particles interact with wall in a CP violating way.
• Baryon asymmetry forms inside the bubble.
<H> = v
baryon #
conserved
<H> = 0
L
R
L
R
baryon
violation
by sphalerons
〈 〉 〉〈
J.Cline, McGill U. – p. 6
H ⇠ 10 14T 2100GeV
  ⇠ 10 5T100GeV
  * Strong transition 
  * CP-violation
* Out-of-eq => BSM
May be killed by lack of
1
tw
⇠ vw
Lw
⇠ 10 5T100
=> need a bubble
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rate,
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source 
asymmetry
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w
Broken phase
Symmetric phase
Nucleation temperature, Tn
Tn
Tc
For not too strong phase transitions, bubbles nucleate near the
critical temperature. For stronger PTs, Tn can be significantly < Tc.
Criterion to avoid sphaleron washout inside bubbles is
vn
Tn
> 1.1, not
vc
Tc
> 1.1
Must compute bubble action S3
S3 = 4π
∫
∞
0
dr r2
(
1
2(h
′2 + s′2) + V (h, s)− V (0, sT )
)
and solve
exp(−S3/Tn) =
3
4π
(
H(Tn)
Tn
)4(2πTn
S3
)3/2
for Tn. But finding bubble wall solution at T < Tc is numerically
tricky.
J. Cline, McGill U. – p. 23
PC
Sakharov: B CPC
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Creating baryons / CP-violation / Semiclassical limit
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the wall, vw is the wall velocity, "i is the rate of an interaction that converts species
i into other kinds of particles, and Si is the source term associated with the current
generated at the bubble wall. There is little controversy about the form of these
equations, but little agreement exists as to how to properly derive the source terms
Si. There are many di⌘erent formalisms for obtaining the sources [24, 6, 25], but so
far little e⌘ort has been made to see how far they agree or disagree with each other.
We shall comment on this issue briefly in our conclusions.
Here we shall use the ‘classical force’ mechanism (CFM) for baryogenesis [6, 18,
20, 21]. The CFM makes use of the intuitively simple picture of particles being
transported in the plasma under the influence of the classical force exerted on them
by the spatially varying Higgs field condensate. We assume that the plasma in this
bubble wall region can be described by a collection of semiclassical quasiparticle
states which we shall refer to as WKB states, because their equation of motion is
derived using the WKB approximation expanding in derivatives of the background
field. The force acting on the particles can be deduced from the WKB dispersion
relations and their corresponding canonical equations of motion. This is a reasonable
assumption when the de Broglie wavelength of the states is much shorter than the
scale of variation of the bubble wall, i.e. ⇧ ⇤  w, which is satisfied in electroweak
baryogenesis; in the MSSM, the wall widths are typically  w ⇥ 6 ⇧ 14/T [12, 26],
whereas for a typical excitation ⇧ ⇥ 1/T . Given these conditions one can write a
semiclassical Boltzmann equation for the distribution functions of the local WKB-
states
( t + vg ·  x + F ·  p)fi = C[fi, fj, . . .] . (1.2)
where the group velocity and classical force are given respectively by
vg    pc⌃ ; F = p˙ = ⌃v˙g . (1.3)
Here pc is the canonical, and p   ⌃vg the physical, kinetic momentum along the
WKB worldline. Note that we treat the transport problem here in the kinetic vari-
ables — in which the Boltzmann equation has the non-canonical form of (1.2) —
rather than in the canonical variables used in previous treatments. As will be dis-
cussed in more detail below, this choice has the simple advantage of circumventing
all the diculties associated with the variance of the canonical variables under lo-
cal phase (‘gauge’) transformations of the fields in the lagrangian. In these kinetic
variables it is also more manifestly (and gauge independently) clear how, because
of CP-violating e⌘ects, particles and antipartices experience di⌘erent forces in the
wall region, which leads to the separation of chiral currents. The explicit form of vg
and F in a given model can be found from the WKB dispersion relations, as we will
illustrate in sections 2 and 3. The Boltzmann equation (1.2) can then be converted
to di⌘usion equations in a standard way by doing a truncated moment expansion [18]
(see section 4).
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and (2.13), the force acting on the particles defined as in eq. (1.3) i.e. F = p˙ =
 v˙g, where the latter follows trivially since  ˙ = 0 along the particle trajectory. In
particular we wish to v rify explicitly that we obtain a gauge independent r sult for
the force. Using the canonical equations of motion we have
v˙g = x˙( xvg)pc + p˙c( pcvg)x
= vg( xvg)pc ⇥ ( x )pc( pcvg)x . (2.15)
Using the form (2.12) for vg, di erentiating and substituting with the dispersion
relation (2.11), we find
( xvg)pc =
m2
( + sCP
s⇧ 
2 )
3
( pcvg)x = ⇥⇥ CP
m2
( + sCP
s⇧ 
2 )
3
⇥ vg |m||m|
 
( + sCP
s⇧ 
2 )
2
, (2.16)
from which it is easy to see that the gauge terms (in ⇥CP) cancel out exactly in (2.15)
and that the force is given by the gauge independent expression
p˙ =  v˙g = ⇥ |m||m|
  
( + sCP
s⇧ 
2 )
2
+ sCP
s   
2
|m|2 
( + sCP
s⇧ 
2 )
3
, (2.17)
which to linear order in    can be written as
p˙ = ⇥ |m||m|
 
 
+ sCP
s(|m|2  ) 
2 2
. (2.18)
The force therefore contains two pieces. The first is a CP-conserving part, leading
to like decelerati n of both particles and antiparticles because of the increase in the
magnitude of the mass. The second part, proportional to the gradient of the complex
phase of the mass term, is CP-violating, and causes opposite perturbations in particle
and antiparticle densities.
In connection with eq. (2.10) we mentioned the di erence in definition of canon-
ical momentum for left- and right-handed particles. From the immediately preced-
ing discussion we can see that this di erence gets absorbed into the definition of
the unphysical phase ⇥CP. Indeed, for the right-handed fermions one should define
⇥CP = ⇥ ⇥ sCP  /2 instead of ⇥  + sCP  /2. Since we have just shown that ⇥CP can-
cels out of physical quantities, the di erence between the dispersion relations derived
from the spinors Ls and Rs has no physical e ect. On the other hand, it is true that
for relativistic particles Ls will represent a particle with mostly negative helicity and
Rs will correspond to a mostly positive helicity particle. The information about he-
licity ( ) is contained in the spin factor, s =   sign(pz), and this does have a physical
e ect: particles with opposite spin feel opposite CP-violating forces.
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an expression for the invariant energy2
⇧ =
⇥
(pc ⇧  CP)2 + |m|2 ⇧ sCP s⌦
 
2
, (2.11)
where  CP      + sCP⌦ /2 in the left- and  CP      ⇧ sCP⌦ /2 right chiral sector.
(This di erence in  CP has no consequence what follows, which is why we have
suppressed the indices referring to chirality). Identifying the velocity of the WKB
particle with the group velocity of the wave-packet (corresponding to the stationary
phase condition of the WKB-wave) it can be computed as
vg = ( pc⇧)x =
pc ⇧  CP⇥
(pc ⇧  CP)2 + |m|2
=
p0
⇧
 
1 + sCP
s|m|2⌦ 
2p20⇧
⇤
, (2.12)
where the latter form follows on expanding to linear order in |m|2⌦ /⇧ after elim-
inating pc ⇧  CP with (2.11). vg is clearly a physical quantity, independent of the
ambiguity in definition of pc. Given energy conservation along the trajectory we then
have the equation of motion for the can nical momentum viz.
p˙c = ⇧( x⇧)pc = vg  CP ⇧
|m||m| ⇧
(⇧ + sCP
s⌅ 
2 )
+ sCP
s⌦  
2
(2.13)
which, like the c nonical momentum itself, is manifestly a gauge dep ndent quan-
tity, through the first term. Equations (2.12) and (2.13) together are the canonical
equations of motion defining the trajectories of our WKB particles in phase space.
The physical kinetic m mentum can now be defined as corresponding to the
movement of a WKB-state along its world line
p   ⇧vg . (2.14)
This relation also defines the physic l dispersion relation between t e energy and
kinetic momentum. We now calculate, using the canonical equations of motion (2.12)
2This discussion is closely analogous to he motion of a particle in n electromagnetic field, which
can be described by a hamiltonian
H =
⇥
(pc ⇧ eA)2 +m2 + eA0 .
Here the canonical momentum pc is related to the physical, kinetic momentum p   mv/
⇥
1⇧ v2 =
⌅vg by the relation pc = p + eA. Canonical momentum is clearly a gauge dependen , unphysical
quantity, because the vector potential is gauge variant. Similarly canonical force acting on pc is
gauge dependent, but the gauge dependent parts cancel when one computes the physical force
acting on kinetic momentum:
p˙k = ⇧ xH ⇧ e tA = e(E+ v ⇤B) .
8
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NEEDS LARGE, CHANGING CP-VIOLATING 
PHASES AT THE TRANSITION REGION
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MSM Transition strength          / B-violation rate
PT in SM, is a cross-over at
T = 159.6 ± 0.1 ± 1.5 GeV
M.d’Onofrio, K.Rummukainen, A.Tranberg, 
Phys.Rev.Lett. 113 (2014) no.14, 141602 
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FIG. 2: The Higgs expectation value as a function of tem-
perature, compared with the perturbative result [2].
real-time runs are made to calculate the dynamical pref-
actors of the tunneling process. The physical rate is then
obtained by reweighting the measurements. For details
of this intricate technique, we refer to [12, 27]. As we will
observe, in the temperature range where both methods
work, they overlap smoothly.
Simulation results: We perform the simulations using lat-
tice spacing a = 4/(9g23) (i.e. βG = 4/(g
2
3a) = 9 in
conventional lattice units), and volume V = 323a3. In
ref. [12] we observed that the rate measured with this
lattice spacing in the symmetric phase is in practice in-
distinguishable from the continuum rate, and deep in the
broken phase it is within a factor of two of our estimate
for the continuum value, well within our accuracy goals.
In fact, algorithmic ineﬃciences in multicanonical simu-
lations become severe at significantly smaller lattice spac-
ing, making simulations there very costly in the broken
phase. The simulation volume is large enough for the
finite volume eﬀects to be negligible [12].
The expectation value of the square of the Higgs field,
v2/T 2 = 2⟨φ†φ⟩/T (here φ is in 3d units), measures the
“turning on” of the Higgs mechanism, see Fig. 2. As
mentioned above, there is no proper phase transition and
v2(T ) behaves smoothly as a function of the tempera-
ture. Nevertheless, the cross-over is rather sharp, and
the pseudocritical temperature can be estimated to be
Tc = 159± 1GeV. If the temperature is below Tc, v2(T )
is approximately linear in T , and at T > Tc, it is close to
zero. The observable ⟨φ†φ⟩ is ultraviolet divergent and
is additively renormalized; because of additive renormal-
ization, v2(T ) can become negative.
We also show the two-loop RG-improved perturbative
result [2] for v2(T ) in the broken phase. Perturbation
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T / GeV
-45
-40
-35
-30
-25
-20
-15
-10
log
 Γ
/Τ
4
standard
multicanonical
fit
perturbative
perturbative + correction
pure gauge
log[αH(T)/T]
FIG. 3: The measured sphaleron rate and the fit to the bro-
ken phase rate, Eq. (7), shown with a shaded error band.
Perturbative result is from Burnier et al. [11] with the non-
perturbative correction used there removed; see main text.
The corrected perturbative result includes a new ad hoc cor-
rection. Pure gauge refers to the rate in hot SU(2) gauge
theory [19]. The freeze-out temperature T∗ is solved from the
crossing of Γ and the appropriately scaled Hubble rate, shown
with the almost horizontal line.
theory reproduces Tc perfectly, and v2 is slightly larger
than the lattice measurement. In the continuum limit we
expect this diﬀerence to decrease for this observable; in
ref. [12] we extrapolated v2(T ) to the continuum at a few
temperature values and with Higgs mass 115GeV. The
continuum limit in the broken phase was observed to be
about 6% larger than the result at βG = 9. Thus, for
v2(T ) perturbation theory and lattice results match very
well.
Finally, in Fig. 3 we show the sphaleron rate as a func-
tion of temperature. The straightforward Langevin re-
sults cover the high-temperature phase, where the rate
is not too strongly suppressed by the sphaleron barrier.
In fact, we were able to extend the range of the method
through the cross-over and into the broken phase, down
to relative suppression of 10−3.
Using the multicanonical simulation methods we are
able to compute the rate further 4 orders of magnitude
down into the broken low-temperature phase. The results
nicely interpolate with the canonical simulations in the
range where both exist. In the interval 140<∼T<∼155GeV
the broken phase rate is very close to a pure exponential,
and can be parametrized as
log
ΓBroken
T 4
= (0.83± 0.01) T
GeV
− (147.7± 1.9). (7)
The error in the second constant is completely dominated
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until T ≈ 132 GeV  < TPT
4
by systematics. We conservatively estimate that the the
uncertainties of the leading logarithmic approximation
and remaining lattice spacing eﬀects [12] may aﬀect rate
by a factor of two. The omitted hypercharge U(1) in
the eﬀective action (wi h physic l θW ) can change t e
sphaleron energy by ≈ 1% [14] and shift the pseudocriti-
cal temperature by ≈ 1GeV [15]. These errors have been
added linearly together to obtain the error abov .
In the symm tric phas the ate is approximately con-
stant, and can be presented as
ΓSy m./T
4 = (8.0± 1.3)× 10−7 ≈ (18± 3)α5W , (8)
where, in the st form, fact rs of lnαW have been ab-
sorbed in the numerical constant. In pure SU(2) gauge
theory he rate is Γ ≈ (25±2)α5WT 4 [22, 28]. A diﬀerence
of this magnitude was also observed in ref. [25].
In Fig. 3 we also show the perturbative result cal-
culated by Burnier et al. [11]. We note that the
full rate in [11] is obtained by including a large
non-perturbative correction to the perturbative rate,
log(Γ/T 4) = log(Γpert./T 4)− (3.6± 0.6), where the cor-
rection is obtained by mat i g with earlier simulations
in the broken phase [27]. However, these simulations
were done wit Higgs ma s ≈ 50G V, which is far from
the physical one studied here. With the correction in-
cluded their result is a factor of ≈ 150 b l w our rate,
albeit with large uncertainty. In Fig. 3 we have re-
moved this ad hoc correction altogether, and the result-
ing purely perturbative rate agrees with our results well
within the given uncertainties of both the lattice and
the perturbative computation (δ logΓpert./T 4 = ±2).
Indeed, by applying a smaller but opposite correction,
log(Γ/T 4) ≈ log(Γpert./T 4)+1.6, the central value agrees
perfectly with our measurements, as shown in Fig. 3. Be-
cause the perturbative result is expected to work well
deep in the broken phase, the match gives us confidence
to extend the range of validity of our fit (7) down to
T ≈ 130GeV, in order to cover the physically interesting
range.
Finally, we can use the sphaleron rate to estimate when
the diﬀusive sphaleron rate, and hence the baryon num-
ber, becomes frozen in the early Universe. The cooling
rate of the radiation dominated Universe is given by the
Hubble rate H(T ): T˙ = −HT . The freeze-out tempera-
ture T∗ can now be solved from [11]
Γ(T∗)/T
3
∗ = αH(T∗) (9)
where α is a function of the Higgs expectation value
v(T ), but can be approximated by a constant α = 0.1015
to better than 0.5% accuracy in the physically rele-
vant range. Taking H2(T ) = π2g∗T 4/(90M2Planck), with
g∗ = 106.75,1 we find T∗ = (131.7 ± 2.3)GeV, as shown
1 We neglect g∗ changing slightly as the top quark becomes mas-
in Fig. 3. This temperature enters baryogenesis scenarios
where the baryon number is sourced at the electroweak
scale, e.g. low-scale leptogenesis scenarios (see [11, 29]
and references therein). For a more detailed baryon pro-
duction c lcula ion the rates (7) and (8) can be entered
directly into Boltzmann equations.
Conclusio s: The disc ve y of the Higgs particle of mass
125–126GeV enables us to fully determine the properties
of the symmetry breaking at high temperatures. Using
lattice simulations of a three-dimensional eﬀective the-
ory, we have located the transition (cross-over) point to
Tc = (159 ± 1)GeV, de ermined the baryon number vi-
olation rate both above and well below the cross-over
point, and calculated the baryon freeze-out temperature
in the early Universe, T∗ = (131.7±2.3)GeV. Beyond be-
ing intrinsic properties of the Minimal Standard Model,
these results provide input for leptogenesis calculations,
in particular fo models with electroweak scale leptons.
It also provides a benchmark for future computations of
the sphaleron rate in extensions of the Standard Model.
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FIG. 2: The Higgs expectation value as a function of tem-
perature, compared with the perturbative result [2].
real-time runs are made to calculate the dynamical pref-
actors of the tunneling process. The physical rate is then
obtained by reweighting the measurements. For details
of this intricate technique, we refer to [12, 27]. As we will
observe, in the temperature range where bot methods
work, they overlap smoothly.
Simulation results: We perform the simulations using lat-
tice spacing a = 4/(9g23) (i.e. βG = 4/(g
2
3a) = 9 in
conventional lattice units), and volume V = 323a3. In
ref. [12] we observed that the rate measured with this
lattice spacing in the symmetric phas is in practice in-
distinguishable from the continuum rate, and deep in the
broken phase it is within a factor of two of our estimate
for the continuum value, well within our accuracy goals.
In fact, algorithmic ineﬃciences in multicanonical simu-
lations become severe at significantly smaller lattice spac-
ing, making simulations there very costly in the broken
phase. The simulation volume is large enough for the
finite volume eﬀects to be negligible [12].
The expectation value of the square of the Higgs field,
v2/T 2 = 2⟨φ†φ⟩/T (here φ is in 3d units), measures the
“turning on” of the Higgs mechanism, see Fig. 2. As
mentioned above, there is no proper phase transition and
v2(T ) behaves smoothly as a function of the tempera-
ture. Nevertheless, the cross-over is rather sharp, and
the pseudocritical temperature can be estimated to be
Tc = 159± 1GeV. If the temperature is below Tc, v2(T )
is approximately linear in T , and at T > Tc, it is close to
zero. The observable ⟨φ†φ⟩ is ultraviolet divergent and
is additively renormalized; because of additive renormal-
ization, v2(T ) can become negative.
We also show the two-loop RG-improved perturbative
result [2] for v2(T ) in the broken phase. Perturbation
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FIG. 3: The measured sphaleron rate and the fit to the bro-
ken phase rate, Eq. (7), shown with a shaded error band.
Perturbative result is from Burnier et al. [11] with the non-
perturbative correction used there removed; see main text.
The corrected perturbative result includes a new ad hoc cor-
rection. Pure gauge refers to the rate in hot SU(2) gauge
theory [19]. The freeze-out temperature T∗ is solved from the
crossing of Γ and the appropriately scaled Hubble rate, shown
with the almost horizontal line.
theory reproduces Tc perfectly, and v2 is slightly larger
than the lattice measurement. In the continuum limit we
expect this diﬀerence to decrease for this observable; in
ref. [12] we extrapolated v2(T ) to the continuum at a few
temperature values and with Higgs mass 115GeV. The
continuum limit in the broken phase was observed to be
about 6% larger than the result at βG = 9. Thus, for
v2(T ) perturbation theory and lattice results match very
well.
Finally, in Fig. 3 we show the sphaleron rate as a func-
tion of temperature. The straightforward Langevin re-
sults cover the high-temperature phase, where the rate
is not too strongly suppressed by the sphaleron barrier.
In fact, we were able to extend the range of the method
through the cross-over and into the broken phase, down
to relative suppression of 10−3.
Using the ulticanonical simulation methods we a e
able to compute the rate further 4 orders of magnitude
down into the broken low-temperature phas . The results
nicely interpolate with the canonical simulations in the
range w ere both exist. In the interval 140<∼T<∼155GeV
the broken phase rate is very close to a pure exponential,
and can be parametrized as
log
ΓBroken
T 4
= (0.83± 0.01) T
GeV
− (147.7± 1.9). (7)
The error in the second constant is completely dominated
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real-time runs are made to calculate the dynamical pref-
actors of the tunneling process. The physical rate is then
obtained by reweighting the measurements. For details
of this intricate technique, we refer to [12, 27]. As we will
observe, in the temperature range where both methods
work, they overlap smoothly.
Simulation results: We perform the simulations using lat-
tice spacing a = 4/(9g23) (i.e. βG = 4/(g
2
3a) = 9 in
conventional lattice units), and volume V = 323a3. In
ref. [12] we observed that the rate measured with this
lattice spacing in the symmetric phase is in practice in-
distinguishable from the continuum rate, and deep in the
broken phase it is within a factor of two of our estimate
for the continuum value, well within our accuracy goals.
In fact, algorithmic ineﬃciences in multicanonical simu-
lations become severe at significantly smaller lattice spac-
ing, making simulations there very costly in the broken
phase. The simulation volume is large enough for the
finite volume eﬀects to be negligible [12].
The expectation value of the square of the Higgs field,
v2/T 2 = 2⟨φ†φ⟩/T (here φ is in 3d units), measures the
“turning on” of the Higgs mechanism, see Fig. 2. As
mentioned above, there is no proper phase transition and
v2(T ) behaves smoothly as a function of the tempera-
ture. Nevertheless, the cross-over is rather sharp, and
the pseudocritical temperature can be estimated to be
Tc = 159± 1GeV. If the temperature is below Tc, v2(T )
is approximately linear in T , and at T > Tc, it is close to
zero. The observable ⟨φ†φ⟩ is ultraviolet divergent and
is additively renormalized; because of additive renormal-
ization, v2(T ) can become negative.
We also show the two-loop RG-improved perturbative
result [2] for v2(T ) in the broken phase. Perturbation
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theory reproduces Tc perfectly, and v2 is slightly larger
than the lattice measurement. In the continuum limit we
expect this diﬀerence to decrease for this observable; in
ref. [12] we extrapolated v2(T ) to the continuum at a few
temperature values and with Higgs mass 115GeV. The
continuum limit in the broken phase was observed to be
about 6% larger than the result at βG = 9. Thus, for
v2(T ) perturbation theory and lattice results match very
well.
Finally, in Fig. 3 we show the sphaleron rate as a func-
tion of temperature. The straightforward Langevin re-
sults cover the high-temperature phase, where the rate
is not too strongly suppressed by the sphaleron barrier.
In fact, we were able to extend the range of the method
through the cross-over and into the broken phase, down
to relative suppression of 10−3.
Using the multicanonical simulation methods we are
able to compute the rate further 4 orders of magnitude
down into the broken low-temperature phase. The results
nicely interpolate with the canonical simulations in the
range where both exist. In the interval 140<∼T<∼155GeV
the broken phase rate is very close to a pure exponential,
and can be parametrized as
log
ΓBroken
T 4
= (0.83± 0.01) T
GeV
− (147.7± 1.9). (7)
The error in the second constant is completely dominated
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FIG. 3. Shape of the Higgs potential at the critical tem-
perature and its dependence on di↵erent choices of parame-
ters: DM self-interaction  D (left panel) and SM Higgs bo-
son mass mh (right panel). While varying  D, we have fixed
mh = 120GeV, mS = 60GeV, mA = mC = 300GeV and
while varying mh, we have fixed  D = 0, mS = 76GeV,
mA = mC = 300GeV, respectively.
the improved one-loop approximation for the e↵ective po-
tential at non-zero temperature, and so one can question
its reliability at higher orders in perturbation theory. In
the examples studied up to now, such as MSSM, it turns
out the two-loop e↵ects [26] only help to strengthen the
phase transition. Similarly, the non-perturbative lattice
simulations tend to do the same over the perturbative
results [27].
Another uncertainty lies in the possibly e↵ect of the
magnetic field during the phase transition [5]. The size
of the magnetic field has been up to now only roughly
estimated [28], thus its e↵ect is not completely clear. It
was argued recently [29] though, in the context of the
MSSM, that it may have an impact on the upper limit of
the Higgs mass.
Recently, the issue of gauge invariance has been
brought up [30]. It is claimed that one may again need a
complete two-loop finite-temperature e↵ective potential
for this purpose.
Why not a singlet? Before turning to higher representa-
tions, let us discuss explicitly the case of the singlet DM.
After all, this is a simpler possibility with fewer couplings
and thus more constrained. In fact, it fails to do the job.
More precisely, while the singlet by itself can actually
help the phase transition to be of the first order [31], it
cannot simultaneously be the DM [32], and vice versa.
What happens is the following. In this case, there is
only one coupling with the Higgs and  A ⌘  C ⌘  S .
We survey all the points in Fig. 2 and find they all satisfy
 A,C & 1. On the other hand, direct detection, as shown
in Eq. (5), constrains this coupling to be much smaller
than what is needed to trigger a strong first-order phase
transition. The failure of the real singlet thus makes the
choice of the inert doublet scalar the simplest one.
One can further extend the real scalar singlet case to
a complex one. It was shown [33] that the double job of
dark matter and strong electroweak phase transition can
be achieved in this case.
On the other hand, the scalar singlet could be the car-
rier of the force between the SM sector and the dark mat-
ter one [34], instead of being DM itself. Such a singlet
can actually trigger [34] the first order phase transition.
This can be successfully embedded [35] in the NMSSM.
Higher representation alternative? It could be appeal-
ing to resort to higher SU(2)L representations for DM
candidate, since then there are fewer Z2 odd couplings
which destabilize them.
Let us start with integer isospin representations  . In
order to have a neutral particle, needed for the DM, they
must have even hypercharge. Therefore, they only have
two gauge invariant terms with the SM Higgs, out of
which only one can split their masses 
 †T a 
   
 † a 
 
, (11)
where T a are the appropriate generators of  . In the
case of the real multiplet with Y = 0, the spectrum is
degenerate, while in the case of the complex one, the mass
splits are proportional to the electromagnetic charge once
the Higgs gets the vev.
The former case works only for a heavy DM, above
TeV, due to strong co-annihilating e↵ects on the relic
density [36]. This makes it too heavy to have an impact
on the phase transition. The latter case implies degener-
ate real and imaginary components of the neutral parti-
cle, which couple to the Z. Direct detection limits can be
evaded again with a TeV scale DM. In short, as remarked
in the Introduction, the integer isospin candidates fail to
render the phase transition be first order.
How about higher half-integer isospin multiplets? A
natural choice Y = 1/2, accommodates another term in
the potential  
 TT a 
   
 T a 
 ⇤
, (12)
where we ignore for simplicity the SU(2) conjugation.
In general, this term splits the real and imaginary neu-
tral components and in principle allows for light DM and
heavy enough other states, just as in the case of the dou-
blet discussed above. We will return to this intriguing
possibility in a future publication [37].
Outlook: what about genesis? Before closing let us
comment on a few related issues.
Sources of CP Violation. Successful baryogenesis re-
quires CP violation, not only the first order phase tran-
sition. It is easy to imagine new sources of CP violation,
but the problem then arises as to whether the new physics
behind it a↵ects the nature of the phase transition. In
this sense, new fermions are more welcome, at least in
 
V
e↵
( 
)
Traditionally:  increase the strength by (eﬀective cubic) 
loop corrections
Need new light (mi < T) bosonic fields strongly coupled to 
Higgs
 Ve↵ =  
X
i
Tm3i ( , T )
12⇡
+ ...
=>  Light Stop Scenario in the MSSM and NMSSM
[Carena, Quiros, Wagner (1996), … Espinosa, Quiros, Zwirner, 
Laine,Cline,KK,Losada,...]
Σ
Σ
Σ
Figure 2: The daisy diagrams that are resummed.
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Figure 3: The leading contributions to the self-energy of the gauge bosons.
butions to the self-energies are UV finite. Once the sum over the Matsubara
frequencies is performed (or if the real time formalism is used), the integrand
contains the particle distribution functions that are exponentially suppressed
for momenta larger than the temperature. Hence, the graphs that are ap-
parently UV divergent can be estimated to be of order of the temperature.
In particular, tadpole diagrams of the self-energy that arise from the gauge
interaction are of order g2T 2 (e.g. the contributions to the self-energy of the
gauge bosons shown in Fig. 3).
If the particle in the loop has a mass ml and the self-energy is of order
g2T 2, adding self-energies leads to additional factors
g2T 2
(2πnT )2 + p2 +m2l
. (30)
As long as n > 0, this yields only a subleading correction of order g2. Still,
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technical framework for the treatment of the light stop scenario, in the presence of a very
heavy stop, was defined by using an eﬀective theory approach and it was subsequ ntly
applied to the EWBG scenario in Ref. [23]. For completeness, and in order to define a
few representative updated points, we present the results of such an analysis here.
In order to properly analyze the issue of EWBG we have complemented the zero tem-
perature results with the two-loop finite temperature eﬀective potential [12]. Light stops
may be associated with the presence of additional minima in the stop–Higgs V (t˜, h) po-
tential, and therefore the question of vacuum stability is relevant and should be considered
by a simultaneous analysis of the stop and Higgs scalar potentials. All points shown in
Fig. 1 fulfill the vacuum stability requirement 1.
For values of the heavy stop mass mQ below a few tens of TeV, the maximal Higgs
mass that can be achieved consistent with a strong first order phase transition is about
122 GeV. The main reason is that larger values of the Higgs boson mass would demand
large values of the mixing parameter Xt, for which the eﬀective coupling ghht˜t˜ of the
lightest stop to the Higgs is suppressed, turning the electroweak phase transition too
weak. In the eﬀective theory the coupling ghht˜t˜ is given by
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Figure 1: The window with ⟨φ(Tn)⟩/Tn ! 1 for a gluino mass M3 = 700 GeV, mQ ≤ 50TeV
(left panel) and mQ ≤ 106 TeV (right panel).
1There is an apparent loss of perturbativity in the thermal corrections to the t˜ potential associated
with the longitudinal modes of the gluon. In our work we considered that, due to their large tempera-
ture dependent masses, the terms proportional to the third power of their thermal masses in the high
temperature expansion are eﬃciently screened and do not lead to any relevant contribution to the t˜
potential.
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the improved one-loop approximation for the e↵ective po-
tential at non-zero temperature, and so one can question
its reliability at higher orders in perturbation theory. In
the examples studied up to now, such as MSSM, it turns
out the two-loop e↵ects [26] only help to strengthen the
phase transition. Similarly, the non-perturbative lattice
simulations tend to do the same over the perturbative
results [27].
Another uncertainty lies in the possibly e↵ect of the
magnetic field during the phase transition [5]. The size
of the magnetic field has been up to now only roughly
estimated [28], thus its e↵ect is not completely clear. It
was argued recently [29] though, in the context of the
MSSM, that it may have an impact on the upper limit of
the Higgs mass.
Recently, the issue of gauge invariance has been
brought up [30]. It is claimed that one may again need a
complete two-loop finite-temperature e↵ective potential
for this purpose.
Why not a singlet? Before turning to higher representa-
tions, let us discuss explicitly the case of the singlet DM.
After all, this is a simpler possibility with fewer couplings
and thus more constrained. In fact, it fails to do the job.
More precisely, while the singlet by itself can actually
help the phase transition to be of the first order [31], it
cannot simultaneously be the DM [32], and vice versa.
What happens is the following. In this case, there is
only one coupling with the Higgs and  A ⌘  C ⌘  S .
We survey all the points in Fig. 2 and find they all satisfy
 A,C & 1. On the other hand, direct detection, as shown
in Eq. (5), constrains this coupling to be much smaller
than what is needed to trigger a strong first-order phase
transition. The failure of the real singlet thus makes the
choice of the inert doublet scalar the simplest one.
One can further extend the real scalar singlet case to
a complex one. It was shown [33] that the double job of
dark matter and strong electroweak phase transition can
be achieved in this case.
On the other hand, the scalar singlet could be the car-
rier of the force between the SM sector and the dark mat-
ter one [34], instead of being DM itself. Such a singlet
can actually trigger [34] the first order phase transition.
This can be successfully embedded [35] in the NMSSM.
Higher representation alternative? It could be appeal-
ing to resort to higher SU(2)L representations for DM
candidate, since then there are fewer Z2 odd couplings
which destabilize them.
Let us start with integer isospin representations  . In
order to have a neutral particle, needed for the DM, they
must have even hypercharge. Therefore, they only have
two gauge invariant terms with the SM Higgs, out of
which only one can split their masses 
 †T a 
   
 † a 
 
, (11)
where T a are the appropriate generators of  . In the
case of the real multiplet with Y = 0, the spectrum is
degenerate, while in the case of the complex one, the mass
splits are proportional to the electromagnetic charge once
the Higgs gets the vev.
The former case works only for a heavy DM, above
TeV, due to strong co-annihilating e↵ects on the relic
density [36]. This makes it too heavy to have an impact
on the phase transition. The latter case implies degener-
ate real and imaginary components of the neutral parti-
cle, which couple to the Z. Direct detection limits can be
evaded again with a TeV scale DM. In short, as remarked
in the Introduction, the integer isospin candidates fail to
render the phase transition be first order.
How about higher half-integer isospin multiplets? A
natural choice Y = 1/2, accommodates another term in
the potential  
 TT a 
   
 T a 
 ⇤
, (12)
where we ignore for simplicity the SU(2) conjugation.
In general, this term splits the real and imaginary neu-
tral components and in principle allows for light DM and
heavy enough other states, just as in the case of the dou-
blet discussed above. We will return to this intriguing
possibility in a future publication [37].
Outlook: what about genesis? Before closing let us
comment on a few related issues.
Sources of CP Violation. Successful baryogenesis re-
quires CP violation, not only the first order phase tran-
sition. It is easy to imagine new sources of CP violation,
but the problem then arises as to whether the new physics
behind it a↵ects the nature of the phase transition. In
this sense, new fermions are more welcome, at least in
 
V
e↵
( 
)
Traditionally:  increase the strength by (eﬀective cubic) 
loop corrections
Need new light (mi < T) bosonic fields strongly coupled to 
Higgs
 Ve↵ =  
X
i
Tm3i ( , T )
12⇡
+ ...
=>  Light Stop Scenario in the MSSM and NMSSM
[Carena, Quiros, Wagner (1996), … Espinosa, Quiros, Zwirner, 
Laine,Cline,KK,Losada,...]
Σ
Σ
Σ
Figure 2: The daisy diagrams that are resummed.
h
Aµ
χ
AµAν Aν
h
χ
Aµ Aν
Figure 3: The leading contributions to the self-energy of the gauge bosons.
butions to the self-energies are UV finite. Once the sum over the Matsubara
frequencies is performed (or if the real time formalism is used), the integrand
contains the particle distribution functions that are exponentially suppressed
for momenta larger than the temperature. Hence, the graphs that are ap-
parently UV divergent can be estimated to be of order of the temperature.
In particular, tadpole diagrams of the self-energy that arise from the gauge
interaction are of order g2T 2 (e.g. the contributions to the self-energy of the
gauge bosons shown in Fig. 3).
If the particle in the loop has a mass ml and the self-energy is of order
g2T 2, adding self-energies leads to additional factors
g2T 2
(2πnT )2 + p2 +m2l
. (30)
As long as n > 0, this yields only a subleading correction of order g2. Still,
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.. and

this

just

has
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too 

tight …
However, higgs mass mostly from squarks:
Tension:    light tR   =>  very heavy tL
m2h ⇠ y2t log
m2
t˜R
m2
t˜L
m4t
MSSM LSS - transition strength
technical framework for the treatment of the light stop scenario, in the presence of a very
heavy stop, was defined by using an eﬀective theory approach and it was subsequ ntly
applied to the EWBG scenario in Ref. [23]. For completeness, and in order to define a
few representative updated points, we present the results of such an analysis here.
In order to properly analyze the issue of EWBG we have complemented the zero tem-
perature results with the two-loop finite temperature eﬀective potential [12]. Light stops
may be associated with the presence of additional minima in the stop–Higgs V (t˜, h) po-
tential, and therefore the question of vacuum stability is relevant and should be considered
by a simultaneous analysis of the stop and Higgs scalar potentials. All points shown in
Fig. 1 fulfill the vacuum stability requirement 1.
For values of the heavy stop mass mQ below a few tens of TeV, the maximal Higgs
mass that can be achieved consistent with a strong first order phase transition is about
122 GeV. The main reason is that larger values of the Higgs boson mass would demand
large values of the mixing parameter Xt, for which the eﬀective coupling ghht˜t˜ of the
lightest stop to the Higgs is suppressed, turning the electroweak phase transition too
weak. In the eﬀective theory the coupling ghht˜t˜ is given by
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Figure 1: The window with ⟨φ(Tn)⟩/Tn ! 1 for a gluino mass M3 = 700 GeV, mQ ≤ 50TeV
(left panel) and mQ ≤ 106 TeV (right panel).
1There is an apparent loss of perturbativity in the thermal corrections to the t˜ potential associated
with the longitudinal modes of the gluon. In our work we considered that, due to their large tempera-
ture dependent masses, the terms proportional to the third power of their thermal masses in the high
temperature expansion are eﬃciently screened and do not lead to any relevant contribution to the t˜
potential.
4
 c
Tc
> 1
Carena, etal.
2009, 2013
But mstop > 210-540 GeV 
Kobakihidze etal, Phys.Lett. 
B755 (2016) 76-81
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GF. MFV can be formulated up to linear order in top Yukawa insertions, or extended to a
nonlinear representation of the symmetry [27, 28]. For enhanced CP violation in Bq mixing
we are interested in (at least) the second order terms in the expansion of the top Yukawa
in MFV. It is suﬃcient in our initial discussion to only expand to next order in insertions
of gU so that
Y
j
U i = ηU g
j
U i + η
′
U g
j
U k[(g
†
U )
k
l (gU )
l
i] + · · · ,
Y
j
D i = ηD g
j
D i + η
′
D g
j
D k[(g
†
U )
k
l (gU )
l
i] + · · · . (2.5)
We decompose the second scalar doublet as ST = (S+, S0), where S0 = (sR + isI)/
√
2.
The scalar potential is
V =
λ
4
(
H
† i
Hi −
v
2
2
)2
+m21 (S
†i
Si) + (m
2
2H
† i
Si + h.c.),
+λ1 (H
† i
Hi) (S
† j
Sj),+λ2 (H
†i
Hj) (S
†j
Si) +
[
λ3H
†i
H
†j
Si Sj + h.c.
]
,
+
[
λ4H
†i
S
†j
Si Sj + λ5S
†i
H
†j
HiHj + h.c.
]
+ λ6(S
†i
Si)
2
, (2.6)
where i, j are SU(2) indices. Here v ≃ 246GeV is the vacuum expectation value (VEV) of
the Higgs field. Since we adopt the convention that the doublet S does not get a VEV the
parameters m22 and λ5 are related by,
m
2
2 + λ
⋆
5
v
2
2
= 0. (2.7)
The spectrum of neutral real scalar fields consists of the Higgs scalar h =
√
2ℜ(H0) another
scalar field sR ≡
√
2ℜ(S0) and a pseudoscalar sI ≡
√
2ℑ(S0). However, these are not mass
eigenstates; in the (h, sR, sI) basis the neutral mass squared matrix M2 is
M2 =
⎛
⎜⎝ m
2
h λ
R
5 v
2 λI5 v
2
λR5 v
2
m
2
H 0
λI5 v
2 0 m2A
⎞
⎟⎠ , (2.8)
where5
m
2
h ≡ λv
2
/2 , m2H ≡ m
2
S + λ3v
2 and m2A ≡ m
2
S − λ3v
2 (2.9)
with m2S ≡ m
2
1 + (λ1 + λ2)v
2
/2. Note that mH ,mA is associated with sR, sI . The mass
eigenstate field basis is denoted as h′, s′R, s
′
I and can be expanded in terms of the original
field basis as
h
′ = h− ϵSR sR − ϵSI sI , s
′
R = sR + ϵSR h, and s
′
I = sI + ϵSI h , (2.10)
where we defined the expansion parameters
ϵSR ≡
v
2λR5
m
2
H −m
2
h
and ϵSI ≡
v
2λI5
m
2
A −m
2
h
.
5We make λ3 real by a phase rotation of S with respect H . We also define λ4 = λ
R
4 + iλ
I
4 and λ5 =
λR5 + iλ
I
5.
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Need something 

to alleviate burden

on 2HDM λi’s
Generic issue: Strong transition > large |λi’s|Large B > large phases ->  large EDM’s
Strong transition and strong CP-violation
Singlet model Strong transition Anderson, Hall, PRD45, 2685 (1992)  Profumo, Ramsey-Musolf, Shaughnessy, JHEP 0708 (2007) 010 
V =
1
2
 hsh
2s2   (µ2s   csT 2)s2   (µ2h   chT 2)h2 + ...
Use tree level barrier:
1.
2. EWPT and EWBG
|S|
|H|
Arrange cs, ch, µs and µh so that transition goes in two steps 
→ large barrier at Tc → strong transition.  This WORKS
J.R.Espinosa, T.Konstandin, F.Riva, NPB854 (2012) 592 
only the leading high-T
- large barrier requires largish λhs 
- 2-step mechanism needs small ms
Inoue, Ovanesyan, Ramsey-Musolf,
PRD93 (2016) 015013, etc… 
Variants of the scheme:
Idea actually present in the 
MSSM ~color breaking 
Laine, Rummukainen,
Cline, Moore, Quiros …,
the region between the Higgs boson resonance, ms ⇠ mh/2, and ms ⇠ mh is
excluded by the LUX constraint.
Ifms < mh/2, then the Higgs boson can decay to s. The Higgs decay width
to non-SM particles is constrained by the LHC and Tevatron data [53–55].
Performing a  2 fit results a 2  upper bound  inv < 1.0MeV. This excludes
large portal couplings below the Higgs resonance in Figure 3.1.
3.2 Electroweak phase transition
For a successful EWBG the EWPT has to be of first order and strong. In
Chapter 5 we will describe a model where the EWBG can be successfully
realized. Here we will only study properties of the EWPT in the singlet scalar
extension of the SM.
Figure 3.2: EWPT: The color shading indicates the depth of the potential
and the contours show equipotentials. The red point shows the position of
the global minimum, and the red line shows the path from the electroweak
symmetric minimum to the el ctrow ak broken minimum.
To study the properties of the EWPT, thermal corrections to the potential
have to be taken into account. Figure 3.2 illustrates the phase transition
pattern. At suﬃciently high temperature the only minimum of the potential
V (h, s) is at h = 0 = s. The parameters of the potential can be chosen
such that at some high temperature the s direction of the potential at s = 0
becomes unstable, and the global minimum of the potential is at s 6= 0.
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Singlet model Strong transition and S-DM?
However, large λhs gives small Ω:
⌦ ⇠ 1hvMol i ⇠
1
 2hs
Resonant annihilation region
. . . except for small sliver near mS = mh/2:
XE
NO
N10
0 (2
012)
XE
NO
N10
0
× 5
Relic Allowed
× 2
0
XE
NO
N10
0
Relic
density
density
excluded
excluded
excluded by
Strong EWPT
allowed
JC, K. Kainulainen, P. Scott, C. Weniger, arXiv:1306.4710
J.Cline, McGill U. – p. 27
J.M.Cline, KK, P.Scott and Weniger, PRD88 (2013) 55025
Further extensions with more singlets,  
or new fermions, or …
KK, K.Tuominen and V.Vaskonen, 
PRD93(2016) 7,015016
mS(GeV)
Strong transition implies a subdominant DM
Figure 4. Distributions of parameters satisfying the constraints (2.8), (2.9), (3.1) and the nominal
DM direct detection bound (4.6). Top row shows input parameters, bottom two rows are derived.
Dimensionful quantities are in GeV units.
varied over the ranges  m = 0.1   1, v0/vc = 1.1   10, log10 vc/wc ⌅ ( 1, 1) produces
22500 models consistent with the constraint (4.6) as well as with the sphaleron washout
bound (2.9), the consistency requirement (2.8) and the invisible Higgs decay width (3.1) of
previous sections. Distributions of various parameters in this set of models can be seen in
figure 4. One observes that the DM mass is typically in the range 80   160GeV, for our
choice  m < 1. (Figure 2 illustrates that higher masses are correlated with larger values of
 m). The vc values fall in the range 140   220GeV and as Tc tends to be around 100GeV
strong phase transitions are found with vc/Tc as high as 3.5. The wc distribution peaks at
wc ⇤ 160GeV with wc < 500GeV and the relic density fraction frel tends to be . 0.01.
We show the scatter plot of accepted models in frel versus mS in figure 2 and the same
data in figure 5 as mS versus ⇥e  ⇥ frel ⇥SI . The cross section ⇥e  indicates the reach of
the future XENON experiments to rule out a given model, or to verify the existence of its
associated DM particle. All direct DM bounds inevitably su er from uncertainties in the
local Galactic abundance and velocity distribution of the DM. We estimate the e ect of
these uncertainties on the latest XENON100 constraint following ref. [83], which shows that
the constraint derived from standard assumptions about the local DM distribution could
– 8 –
J.M. Cline, KK, JCAP 1301 (2013) 012 
BAU acceptable v/T >1 models
frel =
⌦DMh2
0.119
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Singlet model Strong transition and BAU?   
CP violation, NEW PHYSICS:  Dim-6 operator
Baryon asymmetry with singlet DM
Dimension-6 operator (S/Λ)2 t¯LHtR with complex
coefficient gives new source of CP violation for
baryogenesis:
ηB / ηB,obs 1 TeVΛ = 
Λ / 1 TeV )2( @ ηB = ηB,obs
@
or
region of interest
fre
qu
en
cy
We get large enough
baryon asymmetry
much more frequently
than in 2HDM.
JC, K. Kainulainen, arXiv:1210.4196
J.Cline, McGill U. – p. 28
(  ⌘ i)
In addition to promoting S to a dark matter candidate, we take advantage of it to
get the CP-violation required for baryogenesis by introducing a dimension-6 operator, that
modifies the top quark mass at nonzero S. The full mass term takes the form
ytQ¯LH
⇤
1 +
 
 2
S2
⌅
tR + h.c. (1.1)
where   is a complex phase and   is a new physics scale. During the EWPT, the top quark
mass thus gets a spatially-varying complex phase along the bubble wall profile, which provides
the source of CP violation needed to generate the baryon asymmetry. Ref. [48] considered the
analogous dimension-5 operator involving S/ , but here we are forced to use S2/ 2 because
of the Z2 symmetry S ⇤  S needed to prevent decay of S, as befits a dark matter candidate.
We review the method of construction of the e⇥ective potential in section 2, constraints
from invisible Higgs decays in section 3, and direct detection constraints on the scalar dark
matter candidate in section 4 along with some results from a random scan over model pa-
rameters. The absence of other constraints on the model is explained in section 5. The
computation and resulting distributions of value for the baryon asymmetry are described in
section 6. Conclusions are given in section 7.
2 E ective potential
We follow refs. [47, 48], starting from the tree-level potential for the Higgs doublet H and
real singlet S,
V0 = ⇤h
⇧
|H|2   1
2
v20
⌃2
+
1
4
⇤s
 
S2   w20
⇥2
+
1
2
⇤m|H|2S2 . (2.1)
This potential has the Z2 symmetry S ⇤  S that is needed to guarantee the stability of S as
a DM particle, but parameters can be chosen such that the Z2 breaks spontaneously at high
temperatures, giving S a VEV (with H = 0) in the electroweak symmetric vacuum, while
the true vacuum is along the H axis at T = 0.2 The finite-temperature e⇥ective potential
for the real fields H = h/
⌅
2 and S can be written in the form
V =
⇤h
4
⇧
h2   v2c +
v2c
w2c
S2
⌃2
+
⇥
4
S2h2 +
1
2
(T 2   T 2c )(chh2 + csS2) , (2.2)
where the parameter w0 has been traded for its counterpart wc at the critical temperature of
the phase transition Tc, vc is the corresponding critical VEV of h, and the following relations
hold:
⇥ ⇥ ⇤m   2⇤h v
2
c
w2c
(2.3)
T 2c =
⇤h
ch
 
v20   v2c
⇥
. (2.4)
Here the coe⇤cients ch and cs determine the O(T 2) corrections to the masses of h and S,
and are given in terms of the gauge and other couplings by
ch =
1
48
⇧
9g2 + 3g 2 + 12y2t + ⇤h
⇧
24 + 4
v2c
w2c
⌃
+ 2⇥
⌃
2Ref. [48] notes that domain walls associated with this spontaneous breaking of Z2 would only come to
dominate the energy density of the universe at low temperatures T   10 7GeV; but by this time the symmetry
is restored and the domain walls are no longer present.
– 2 –
the singlet Higgs was not required to be a DM candidate. For example, nothing prevents
us from choosing the phase   in (1.1) to be maximally CP-violating. Ref. [48] considers the
two-loop Barr-Zee contributions to the electric dipole moments of the electron and neutron.
But this requires h-s mixing, which does not occur in our model. Ours is similar to models
in which CP is broken spontaneously at high temperature in this respect.
Because of the singlet nature of S and its sole couplings being to the Higgs (without
mixing), and through the dimension-6 operator (1.1), there are no other direct constraints
on its mass from collider searches, nor from precision electroweak observables.
6 Baryon asymmetry
The baryon asymmetry depends upon a source of CP violation that biases sphaleron
interactions near the expanding bubble walls toward production of baryons, as opposed
to antibaryons. We take our relevant CP-violating parameter to be the phase   in the
dimension-6 coupling in (1.1), and for definiteness we fix   = ei⇥/2 to maximize the
CP violation. (Since the baryon asymmetry  B goes linearly in the imaginary part, the
generalization to arbitrary phases is straightforward.) Then inside the bubble walls during
the phase transition, the top quark has a spatially varying complex mass, given by
mt(z) =
yt⇧
2
h(z)
 
1 + i
S2(z)
 2
⇥
⇥ |mt(z)|ei (z) (6.1)
where z is taken to be the coordinate transverse to the wall, in the limit that it has
grown large enough to be approximated as planar. The existence of the nontrivial phase
⇥(z) ⇤= S(z)/  is su⇥cient to source the baryon asymmetry. In the following, we will initially
fix   = 1TeV for the computation  B. Since  B ⇤ 1/ 2 for large  , one can always rescale
  to adjust  B to the desired value.
We follow ref. [48] in approximating the bubble wall profiles in the form
h(z) =
1
2
vc(1 + tanh(z/Lw))
S(z) =
1
2
wc(1  tanh(z/Lw)) (6.2)
where the wall thickness is taken to be
Lw =
 
2.7
⇤
 
1
w2c
+
1
v2c
⇥ 
1 +
⇤w2c
4⌅hvc
⇥⇥1/2
. (6.3)
This fully determines the top quark mass profile for a given model.
The baryon asymmetry is determined by first solving transport equations for the
chemical potentials and velocity perturbations of various fields that develop an asymmetry
in the vicinity of the bubble wall. We improve upon the treatment given in [48] by using the
more recent and complete transport equations of [84], which are based on the semiclassical
baryogenesis mechanism of refs. [85–89] that determine the chemical potentials of tL, tR, bL
(the left-handed bottom quark) and h, rather than those of [90]. We also correct an apparent
error in [48] where there was a mismatch between the orientation of the bubble wall and the
transport equations that were solved. (The transport equations are not symmetric under
z ⌅  z because it matters whether the wall is expanding into the sy metric phase (correct)
or into the broken phase (incorrect).)
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Singlet model Strong transition and BAU?   
CP violation, NEW PHYSICS:  Dim-6 operator
Baryon asymmetry with singlet DM
Dimension-6 operator (S/Λ)2 t¯LHtR with complex
coefficient gives new source of CP violation for
baryogenesis:
ηB / ηB,obs 1 TeVΛ = 
Λ / 1 TeV )2( @ ηB = ηB,obs
@
or
region of interest
fre
qu
en
cy
We get large enough
baryon asymmetry
much more frequently
than in 2HDM.
JC, K. Kainulainen, arXiv:1210.4196
J.Cline, McGill U. – p. 28
(  ⌘ i)
In addition to promoting S to a dark matter candidate, we take advantage of it to
get the CP-violation required for baryogenesis by introducing a dimension-6 operator, that
modifies the top quark mass at nonzero S. The full mass term takes the form
ytQ¯LH
⇤
1 +
 
 2
S2
⌅
tR + h.c. (1.1)
where   is a complex phase and   is a new physics scale. During the EWPT, the top quark
mass thus gets a spatially-varying complex phase along the bubble wall profile, which provides
the source of CP violation needed to generate the baryon asymmetry. Ref. [48] considered the
analogous dimension-5 operator involving S/ , but here we are forced to use S2/ 2 because
of the Z2 symmetry S ⇤  S needed to prevent decay of S, as befits a dark matter candidate.
We review the method of construction of the e⇥ective potential in section 2, constraints
from invisible Higgs decays in section 3, and direct detection constraints on the scalar dark
matter candidate in section 4 along with some results from a random scan over model pa-
rameters. The absence of other constraints on the model is explained in section 5. The
computation and resulting distributions of value for the baryon asymmetry are described in
section 6. Conclusions are given in section 7.
2 E ective potential
We follow refs. [47, 48], starting from the tree-level potential for the Higgs doublet H and
real singlet S,
V0 = ⇤h
⇧
|H|2   1
2
v20
⌃2
+
1
4
⇤s
 
S2   w20
⇥2
+
1
2
⇤m|H|2S2 . (2.1)
This potential has the Z2 symmetry S ⇤  S that is needed to guarantee the stability of S as
a DM particle, but parameters can be chosen such that the Z2 breaks spontaneously at high
temperatures, giving S a VEV (with H = 0) in the electroweak symmetric vacuum, while
the true vacuum is along the H axis at T = 0.2 The finite-temperature e⇥ective potential
for the real fields H = h/
⌅
2 and S can be written in the form
V =
⇤h
4
⇧
h2   v2c +
v2c
w2c
S2
⌃2
+
⇥
4
S2h2 +
1
2
(T 2   T 2c )(chh2 + csS2) , (2.2)
where the parameter w0 has been traded for its counterpart wc at the critical temperature of
the phase transition Tc, vc is the corresponding critical VEV of h, and the following relations
hold:
⇥ ⇥ ⇤m   2⇤h v
2
c
w2c
(2.3)
T 2c =
⇤h
ch
 
v20   v2c
⇥
. (2.4)
Here the coe⇤cients ch and cs determine the O(T 2) corrections to the masses of h and S,
and are given in terms of the gauge and other couplings by
ch =
1
48
⇧
9g2 + 3g 2 + 12y2t + ⇤h
⇧
24 + 4
v2c
w2c
⌃
+ 2⇥
⌃
2Ref. [48] notes that domain walls associated with this spontaneous breaking of Z2 would only come to
dominate the energy density of the universe at low temperatures T   10 7GeV; but by this time the symmetry
is restored and the domain walls are no longer present.
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the singlet Higgs was not required to be a DM candidate. For example, nothing prevents
us from choosing the phase   in (1.1) to be maximally CP-violating. Ref. [48] considers the
two-loop Barr-Zee contributions to the electric dipole moments of the electron and neutron.
But this requires h-s mixing, which does not occur in our model. Ours is similar to models
in which CP is broken spontaneously at high temperature in this respect.
Because of the singlet nature of S and its sole couplings being to the Higgs (without
mixing), and through the dimension-6 operator (1.1), there are no other direct constraints
on its mass from collider searches, nor from precision electroweak observables.
6 Baryon asymmetry
The baryon asymmetry depends upon a source of CP violation that biases sphaleron
interactions near the expanding bubble walls toward production of baryons, as opposed
to antibaryons. We take our relevant CP-violating parameter to be the phase   in the
dimension-6 coupling in (1.1), and for definiteness we fix   = ei⇥/2 to maximize the
CP violation. (Since the baryon asymmetry  B goes linearly in the imaginary part, the
generalization to arbitrary phases is straightforward.) Then inside the bubble walls during
the phase transition, the top quark has a spatially varying complex mass, given by
mt(z) =
yt⇧
2
h(z)
 
1 + i
S2(z)
 2
⇥
⇥ |mt(z)|ei (z) (6.1)
where z is taken to be the coordinate transverse to the wall, in the limit that it has
grown large enough to be approximated as planar. The existence of the nontrivial phase
⇥(z) ⇤= S(z)/  is su⇥cient to source the baryon asymmetry. In the following, we will initially
fix   = 1TeV for the computation  B. Since  B ⇤ 1/ 2 for large  , one can always rescale
  to adjust  B to the desired value.
We follow ref. [48] in approximating the bubble wall profiles in the form
h(z) =
1
2
vc(1 + tanh(z/Lw))
S(z) =
1
2
wc(1  tanh(z/Lw)) (6.2)
where the wall thickness is taken to be
Lw =
 
2.7
⇤
 
1
w2c
+
1
v2c
⇥ 
1 +
⇤w2c
4⌅hvc
⇥⇥1/2
. (6.3)
This fully determines the top quark mass profile for a given model.
The baryon asymmetry is determined by first solving transport equations for the
chemical potentials and velocity perturbations of various fields that develop an asymmetry
in the vicinity of the bubble wall. We improve upon the treatment given in [48] by using the
more recent and complete transport equations of [84], which are based on the semiclassical
baryogenesis mechanism of refs. [85–89] that determine the chemical potentials of tL, tR, bL
(the left-handed bottom quark) and h, rather than those of [90]. We also correct an apparent
error in [48] where there was a mismatch between the orientation of the bubble wall and the
transport equations that were solved. (The transport equations are not symmetric under
z ⌅  z because it matters whether the wall is expanding into the sy metric phase (correct)
or into the broken phase (incorrect).)
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2HD+S model CP from 2HDM - strength from S / constraints                
MCMC scan of parameter space with: 
  -  Accelerator constraints 
  -  EWP-data 
  -  EDM’s (electron, ACME) 
  -  Perturbativity up to 1.5 TeV 
  -  LUX-limits on DM (singlet s) 
  -  Strong transition (=>s is subleading DM)
The singlet scalar enables for a strong first order EWPT and the two-Higgs-
doublet sector gives a source for suﬃcient CP violation. We assume Z2
symmetry for the S field, so that it can act as a DM candidate. Though here
we have more freedom in the couplings, the observed DM abundance can
not be obtained simultaneously with a first order EWPT similarly as in the
simple singlet scalar extension of the SM discussed in Chapter 3.
The spectrum of the model includes in addition to the Higgs bos n, h0,
and the singlet scalar S, two neutral scalar bosons, H0 and A0, and charged
scalar bosons, H±. Collider experiments constrain the masses of these new
scalars, as well as their mixing. For the S scalar similar constraints apply as
in Chapter 3.
γ
Z
h
t
e
Figure 5.1: A diagram contributing to the electron EDM.
However, for baryogenesis, the most restrictive constraint arises from
electric dipole moments (EDMs). The new scalar bosons which couple directly
to the gauge bosons may increase the EDM of charged particles compared
to the SM. Currently the most stringent bound for 2HDMs arises from
electron EDM, de, for which the ACME experiment gives an upper limit
|de| < 8.7⇥ 10 29ecm [73]. The dominant conribution to de arises from two
loop processes. The electron EDM in 2HDM can be written as
de = d
h  
t + d
hZ 
t + d
h  
W± + d
hZ 
W± + d
h  
H± + d
hZ 
H± + d
H±W⌥ , (5.3)
where the upper indices refer to the particles which enter the eﬀective vertex
and the lower indices to the particle running in the loop. Here h stands for
any neutral scalar from the two-Higgs-douplet sector, h = h0, H0, A0. For
example a diagram corresponding to the second term, dhZ t , is shown in Figure
5.1. The last term in (5.3) is slightly more complicated arising from various
vertex and wave function corrections to the H±W⌥  vertex. The expressions
for diﬀerent contributions are given in Reference [74]. Figure 5.2 shows that
large portion of otherwise viable parameter space is excluded by the electron
EDM constraint.
26
0.00 0.02 0.04 0.06 0.08
-3
-2
-1
0
1
2
|sinΔCP |
lo
g 1
0(d e/
8.
7×10
-29 e
cm
)
Figure 3. Scatter plot of all models with strong enough EWPT as a function of the mixing parameter
sin CP and the electron EDM de. The red region is excluded by the eEDM limit.
between two degenerate minima at critical temperature T = Tc, for which the condition (3.10)
holds. The covariant derivatives involve the classical Zµ field: Dµ = @µ   ig/(2 cos ✓W)Zµ.
We wri e th neut al components of the doublets as hjei'j and observe that the e↵ective
potential can depend only on the relative phase ' ⌘ '1   '2. Following Ref. [8], we work in
the gauge Zµ = 0, whereby we need to account for four fields: h1, h2, S and ', while solving
the path. Th relevant reduced action is
S1 =
Z
dz
 X
i
1
2
(@zhi)
2 +
1
2
(@zS)
2 +
1
2
h21h
2
2
h21 + h
2
2
(@z')
2 + V (h1, h2, S,', Tc)
!
. (3.15)
The invariance of the potential under the change of the total phase '1 + '2 implies a
conservation law, which in the Zµ = 0 gauge allows us to work out the phase '2 in terms of
the relative phase ' [8]:
@z'2 =   h
2
1
h21 + h
2
2
@z' . (3.16)
The complex, spatially-varying top mass can now be constructed from the phase '2(x) and
the modulus h2(z):
mt(z) =
ytp
2
h2(z)e
i'2(z). (3.17)
In fact, one does not need to solve for the top phase, since only its derivative, given by
Eq. (3.16), appears in the source term for the di↵usion equations for chemical potentials:
St = ⇠w
 
K8,t(x
2
t'
0
2)
0  K9,tx2tx20t '02
 
. (3.18)
Here ⇠w is the wall velocity, primes denote @zT and Kn,t are dimensionless functions of
xt ⌘ |mt|/T arising from phase-space averaging of certain kinematic variables defined in [39].
Given the source, one can calculate chemical potentials µj(z) for top, bottom, anti-top
and Higgs by solving a set of transport equations defined in [7]. Finally the baryon-to-entropy
ratio ⌘B ⌘ nB/s is given by
⌘B =
405
4⇡2⇠wg⇤Tc
Z 1
0
dz  sph(z)µBL(z)e
 45 sph(z)z/4⇠w . (3.19)
– 13 –
ACME-excluded
Figure 2. Scanned data points which give a strong first-order EWPT. Yellow points are excluded by
direct DM searches.
3.4 Electron EDM constraint
The non-observation of electric dipole moments (EDMs) of electrons, neutrons and atoms
gives stringent bounds on CP-violating interactions in multi-Higgs models. As shown in [36],
currently the most stringent bound for 2HDMs arises from the electron EDM, for which the
ACME experiment gives an upper limit
|de| < 8.7⇥ 10 29ecm , (3.12)
with 90% confidence level [37]. We calculate de for the points which give a strong first-order
EWPT using the results from Ref. [38], where Barr–Zee type contributions to fermionic
EDM were calculated in 2HDM. These results are directly applicable here as well, because
the singlet scalar S does not directly couple to gauge fields. In Fig. 3, we show the distribution
of models passing all previous cuts as a function of de and the neutral scalar mixing matrix
element RN42 , which expresses the projection of h0 to complex part of the second doublet:
RN42 ⌘ hH02I |h0i ⌘ sin CP . (3.13)
sin CP is given in terms of the various mixing angles in Eq. (A.8). The red region is excluded
by the electron EDM constraint. Small de naturally correlates with small sin CP, because
the size of sin CP is proportional to the size of the CP-violating mixing in the model.
3.5 Baryogenesis
The actual baryogenesis mechanism in our model relies on CP-violating interactions of the
top qu rk with he expanding phase-transition walls. The CP violation comes directly from
th spatial evolution of the complex phases of the Higgs field H2, which renders the top mass
a complex-valued function of the spatial coordinate across the wall. The first step for us is
then to work o t the evolution of the scalar fields over the bubble wall.
We shall approximate the true phase-transition-wall profile in the usual way, by the
stationary path that extremizes the Euclidean one-dimensional actionZ
dz
✓
|DzH1| + |DzH2| + 1
2
|@zS| + V + . . .
◆
, (3.14)
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If all above ok, compute BAU
Yukawa alignment, which may be argued for by a requirement that the whole Lagrangian is
invariant under the group GL(2, ) of linear reparametrization transformations in the doublet
space. We also use the reparametrization invariance to develop an elegant way explore the
vacuum stability and the phase-transition pattern in the model.
In the 2HDM context large CP violation requires that scalar couplings have large com-
plex phases and strong transition requires that couplings are large in magnitude. When
combined, these requirements tend to give too large electron and neutron electric dipole mo-
ments (EDMs). We will show that the presence of the additional scalar allows for a strong
two-step electroweak phase transition, which does not rely on large radiative corrections to
the e↵ective potential. This alleviates the burden on the scalar self-couplings and significantly
increases the phase space consistent with EDM constraints in the 2HDSM.
The singlet scalar can also be a dark matter (DM) candidate when a discrete Z2 symme-
try is imposed to stablize it. However, we will find that a strong first-order phase transition
is not consistent with a dominant singlet scalar DM particle. The problem is that a strong
two-step transition requires a large coupling between the singlet and doublet sectors and this
implies so large annihilation rate for the DM that its relic abundance becomes too small to
account for the full observed DM density. This conclusion is generic for all models of this
type.
We observe that two-step transitions may also give rise to too strong transitions. It is
possible that fields get trapped in the metastable minimum so that electroweak symmetry
remains unbroken. Also, the latent heat released in the transition may be so large that the
transition walls necessarily become supersonic. However, we find also parameters for which
walls may be subsonic, consistent with the electroweak baryogenesis scenario. Overall, we
are able to find models that satisfy all observational and experimental constraints and can
also give rise to a successful electroweak baryogenesis, accompanied by a subleading DM in
the 2HDSM context.
The structure of the paper is as follows: In Sec. 2 we introduce the model and dis-
cuss the most general GL(2, )-reparametrization invariant 2HDSM Lagrangian including
Yukawa couplings. Here we also develop methods to study the vacuum stability and the
phase-transition patterns in the theory. In Sec. 3 we first go through the experimental con-
straints on the model and evaluate the DM relic abundance and the DM search limits on
model parameters. We then evaluate the strength of the transition and compute the baryon
asymmetry created in the electroweak phase transition. The section is concluded by a study
of bubble nucleation in the 2HDSM and in the singlet extension of the SM. In Sec. 4 we
conclude and outline some directions for future research.
2 The model
We start from the most general two-Higgs-doublet and inert-singlet extension of the SM with
the scalar field Lagrangian:
Lscalar = Zij(DµHi)†DµHj + 12(@µS)
2   V (H1, H2, S) , (2.1)
– 2 –
where Zij is an arbitrary Hermitian 2⇥ 2 matrix and the most general potential is given by
V (H1, H2, S) = m21|H1|2  m22|H2|2  
⇣
m212H
†
2H1 + h.c.
⌘
  12m2SS2
+  1|H1|4 +  2|H2|4 +  3|H1|2|H2|2 +  4(H†1H2)(H†2H1)
+
⇣
 5(H
†
2H1)
2 +  6|H1|2(H†2H1) +  7|H2|2(H†2H1) + h.c.
⌘
+ 14 SS
4 + 12 S1S
2|H1|2 + 12 S2S2|H2|2 +
⇣
1
2 S12S
2H†2H1 + h.c.
⌘
.
(2.2)
Both doublets Hi are assumed to be gauged under SU(2)L ⇥ U(1)Y , while the scalar S
is a singlet under all SM gauge interactions. The singlet S is a crucial ingredient in the
model because it will disentangle the source of a strongly first-order transition from that of
su ciently strong CP violation.
The Lagrangian (2.1) is invariant under a reparametrization transformation  !  0 ⌘
P  (and a simultaneous rescaling of S), where P is an element of the general linear group
GL(2, ), and   is the Higgs hyperdoublet:
  ⌘ (H1, H2)T . (2.3)
GL(2, ) is the semidirect product of special linear transformations SL(2, ) and multiplica-
tive group of dilatations ⇥. We can always use the dilatation and a hyperbolic SL(2, )
transformation to bring the kinetic term into the canonical form, Zij ! diag(1, 1), i.e.
Zij(DµHi)
†DµHj ! |DµH1|2 + |DµH2|2 .
The resulting Lagrangian is still invaria t under elliptic SL(2, ) transforma io s, i.e. the
usual SU(2) rotations of the doublets.
A generic 2HDM gives rise to unacceptably large flavour-changing neutral currents
(FCNCs) and the presence of a singlet does not change the situation. One way to avoid
FCNCs is the Yukawa ali nment [10], which assumes that both doublets couple to fermions
wit the same matrix structure (sinc S is a singlet under M gauge intera tions its coupling
to charged SM fermions are excluded):
LYukawa = yuCiuQ¯LH˜iuR + ydCidQ¯LHidR + y`Ci`LLHieR + h.c, (2.4)
where H˜2 ⌘ i 2H⇤2 . Here ya are flavour matrices independent of the doublet index, and Cai
are doublet-index dependent complex numbers. In general the alignment may be di↵erent
in di↵erent fermion sectors: Cai 6= Cbi . However, for simplicity, we choose to work in the
special cas of universal Yukawa alignment, where Cai ⌘ Ci. In this case we can, without a
further loss f generality, choose the b s s where only the H2 field couples to fe mions. Thi
corresponds to setting C1 = 0 and C2 = 11, so that:
LYukawa = yuQ¯LH˜2uR + ydQ¯LH2dR + y`LLH2eR + h.c . (2.5)
The choice of basis leading to (2.5) can be e↵ected by an SU(2) rotation of  , and it exhausts
our remaining freedom to perform elliptic SL(2, )-reparametrization transformations after
diagonalizing the kinetic term2.
1This actually involves a rotation and a redefining of the scale of ya matrices.
2Note that in the case of general Yukawa alignment, where Cai 6= Cbi , one could still use the SU(2) rotation
to set Cu1 = 0, so that up-type quarks couple only to H2. Most of our subsequent analysis would hold also
for this scenario, because it is mostly sensitive only to th l rge top-quark coupling. The only exception is
the electron EDM, for which our analysis covers only a part of the full phase space available in the context of
general alignment.
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Figure 4. Left: Shown is the correlation between the baryon-to-entropy ratio ⌘B and the mixing
matrix element sin CP. Red dots correspond to models for which Tn cannot be found (in the thin-
wall approximation). Right: the correlation between ⌘B and de. The red region is excluded by the
eEDM limit and the black line shows the observed baryon-to-entropy ratio.
We take ⇠w = 0.1 for the wall velocity and g⇤ = 106.75 for the number of degrees of freedom
in the plasma. The left-chiral baryon chemical potential is
µBL =
1
2
(1 + 4K1,t)µt +
1
2
(1 + 4K1,b)µb   2K1,tcµtc . (3.20)
For the sphaleron rate we use a formula interpolating between the symmetric and the broken
phase [8],
 sph(z) = min(10
 6Tc, 2.4Tce 40v(z)/Tc), (3.21)
where v(z)2 = h1(z)2 + h2(z)2.
In the left panel of Fig. 4 we show how the baryon-to-entropy ratio relative to the
observed value ⌘obsB = 8.7 ⇥ 10 11 [40] correlates with the CP-violation-se sitiv parameter
sin CP defined in (3.13). Shown are only the points which survive the eEDM bound. As
expected, the size of sin CP correlates with the size of ⌘B. This trend is similar to the
correlation between sin CP and de shown in Fig. 3. However, a large ⌘B does not always
imply a large de, as is clear from the right panel of Fig. 4, where we show the correlation
between de and ⌘B, again for points that pass the EDM bound. Apparently, while both
quantities are sensitive to the CP-violating parameters in the model, they can be sensitive
to di↵erent linear combinations of them, so that large ⌘B may be obtained simultaneously
with a small enough de.
Fig. 5 shows the distributions of various physical parameters in our parametric scan.
Orange colour refers to models that pass all experimental cuts described in Secs. 3.1 and 3.2,
and give a strong EWPT, blue to models that in addition satisfy EDM constraint and green
to models which also give large baryon-to-entropy ratio ⌘B/⌘obsB 2 [0.5, 2]. These plots must
be interpreted with care, since our scans were partly tuned by hand. Nevertheless, we see that
none of the vevs can be very large and in particular both v1 and v2 need to be nonzero. Also
the critical temperature is bounded from above: Tc <⇠ 100 GeV. Finally for the models with
large ⌘B, the new scalar masses are in general bound from above: mH ,mA0 ,mH± <⇠ 1.4 TeV
and mS <⇠ 400 GeV, which is encouraging from the point of view of experimental verifiability
of the model.
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2HD+S model CP from 2HDM - strength from S / constraints                
MCMC scan of parameter space with: 
  -  Accelerator constraints 
  -  EWP-data 
  -  EDM’s (electron, ACME) 
  -  Perturbativity up to 1.5 TeV 
  -  LUX-limits on DM (singlet s) 
  -  Strong transition (=>s is subleading DM)
The singlet scalar enables for a strong first order EWPT and the two-Higgs-
doublet sector gives a source for suﬃcient CP violation. We assume Z2
symmetry for the S field, so that it can act as a DM candidate. Though here
we have more freedom in the couplings, the observed DM abundance can
not be obtained simultaneously with a first order EWPT similarly as in the
simple singlet scalar extension of the SM discussed in Chapter 3.
The spectrum of the model includes in addition to the Higgs bos n, h0,
and the singlet scalar S, two neutral scalar bosons, H0 and A0, and charged
scalar bosons, H±. Collider experiments constrain the masses of these new
scalars, as well as their mixing. For the S scalar similar constraints apply as
in Chapter 3.
γ
Z
h
t
e
Figure 5.1: A diagram contributing to the electron EDM.
However, for baryogenesis, the most restrictive constraint arises from
electric dipole moments (EDMs). The new scalar bosons which couple directly
to the gauge bosons may increase the EDM of charged particles compared
to the SM. Currently the most stringent bound for 2HDMs arises from
electron EDM, de, for which the ACME experiment gives an upper limit
|de| < 8.7⇥ 10 29ecm [73]. The dominant conribution to de arises from two
loop processes. The electron EDM in 2HDM can be written as
de = d
h  
t + d
hZ 
t + d
h  
W± + d
hZ 
W± + d
h  
H± + d
hZ 
H± + d
H±W⌥ , (5.3)
where the upper indices refer to the particles which enter the eﬀective vertex
and the lower indices to the particle running in the loop. Here h stands for
any neutral scalar from the two-Higgs-douplet sector, h = h0, H0, A0. For
example a diagram corresponding to the second term, dhZ t , is shown in Figure
5.1. The last term in (5.3) is slightly more complicated arising from various
vertex and wave function corrections to the H±W⌥  vertex. The expressions
for diﬀerent contributions are given in Reference [74]. Figure 5.2 shows that
large portion of otherwise viable parameter space is excluded by the electron
EDM constraint.
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Figure 3. Scatter plot of all models with strong enough EWPT as a function of the mixing parameter
sin CP and the electron EDM de. The red region is excluded by the eEDM limit.
between two degenerate minima at critical temperature T = Tc, for which the condition (3.10)
holds. The covariant derivatives involve the classical Zµ field: Dµ = @µ   ig/(2 cos ✓W)Zµ.
We wri e th neut al components of the doublets as hjei'j and observe that the e↵ective
potential can depend only on the relative phase ' ⌘ '1   '2. Following Ref. [8], we work in
the gauge Zµ = 0, whereby we need to account for four fields: h1, h2, S and ', while solving
the path. Th relevant reduced action is
S1 =
Z
dz
 X
i
1
2
(@zhi)
2 +
1
2
(@zS)
2 +
1
2
h21h
2
2
h21 + h
2
2
(@z')
2 + V (h1, h2, S,', Tc)
!
. (3.15)
The invariance of the potential under the change of the total phase '1 + '2 implies a
conservation law, which in the Zµ = 0 gauge allows us to work out the phase '2 in terms of
the relative phase ' [8]:
@z'2 =   h
2
1
h21 + h
2
2
@z' . (3.16)
The complex, spatially-varying top mass can now be constructed from the phase '2(x) and
the modulus h2(z):
mt(z) =
ytp
2
h2(z)e
i'2(z). (3.17)
In fact, one does not need to solve for the top phase, since only its derivative, given by
Eq. (3.16), appears in the source term for the di↵usion equations for chemical potentials:
St = ⇠w
 
K8,t(x
2
t'
0
2)
0  K9,tx2tx20t '02
 
. (3.18)
Here ⇠w is the wall velocity, primes denote @zT and Kn,t are dimensionless functions of
xt ⌘ |mt|/T arising from phase-space averaging of certain kinematic variables defined in [39].
Given the source, one can calculate chemical potentials µj(z) for top, bottom, anti-top
and Higgs by solving a set of transport equations defined in [7]. Finally the baryon-to-entropy
ratio ⌘B ⌘ nB/s is given by
⌘B =
405
4⇡2⇠wg⇤Tc
Z 1
0
dz  sph(z)µBL(z)e
 45 sph(z)z/4⇠w . (3.19)
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Figure 2. Scanned data points which give a strong first-order EWPT. Yellow points are excluded by
direct DM searches.
3.4 Electron EDM constraint
The non-observation of electric dipole moments (EDMs) of electrons, neutrons and atoms
gives stringent bounds on CP-violating interactions in multi-Higgs models. As shown in [36],
currently the most stringent bound for 2HDMs arises from the electron EDM, for which the
ACME experiment gives an upper limit
|de| < 8.7⇥ 10 29ecm , (3.12)
with 90% confidence level [37]. We calculate de for the points which give a strong first-order
EWPT using the results from Ref. [38], where Barr–Zee type contributions to fermionic
EDM were calculated in 2HDM. These results are directly applicable here as well, because
the singlet scalar S does not directly couple to gauge fields. In Fig. 3, we show the distribution
of models passing all previous cuts as a function of de and the neutral scalar mixing matrix
element RN42 , which expresses the projection of h0 to complex part of the second doublet:
RN42 ⌘ hH02I |h0i ⌘ sin CP . (3.13)
sin CP is given in terms of the various mixing angles in Eq. (A.8). The red region is excluded
by the electron EDM constraint. Small de naturally correlates with small sin CP, because
the size of sin CP is proportional to the size of the CP-violating mixing in the model.
3.5 Baryogenesis
The actual baryogenesis mechanism in our model relies on CP-violating interactions of the
top qu rk with he expanding phase-transition walls. The CP violation comes directly from
th spatial evolution of the complex phases of the Higgs field H2, which renders the top mass
a complex-valued function of the spatial coordinate across the wall. The first step for us is
then to work o t the evolution of the scalar fields over the bubble wall.
We shall approximate the true phase-transition-wall profile in the usual way, by the
stationary path that extremizes the Euclidean one-dimensional actionZ
dz
✓
|DzH1| + |DzH2| + 1
2
|@zS| + V + . . .
◆
, (3.14)
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Yukawa alignment, which may be argued for by a requirement that the whole Lagrangian is
invariant under the group GL(2, ) of linear reparametrization transformations in the doublet
space. We also use the reparametrization invariance to develop an elegant way explore the
vacuum stability and the phase-transition pattern in the model.
In the 2HDM context large CP violation requires that scalar couplings have large com-
plex phases and strong transition requires that couplings are large in magnitude. When
combined, these requirements tend to give too large electron and neutron electric dipole mo-
ments (EDMs). We will show that the presence of the additional scalar allows for a strong
two-step electroweak phase transition, which does not rely on large radiative corrections to
the e↵ective potential. This alleviates the burden on the scalar self-couplings and significantly
increases the phase space consistent with EDM constraints in the 2HDSM.
The singlet scalar can also be a dark matter (DM) candidate when a discrete Z2 symme-
try is imposed to stablize it. However, we will find that a strong first-order phase transition
is not consistent with a dominant singlet scalar DM particle. The problem is that a strong
two-step transition requires a large coupling between the singlet and doublet sectors and this
implies so large annihilation rate for the DM that its relic abundance becomes too small to
account for the full observed DM density. This conclusion is generic for all models of this
type.
We observe that two-step transitions may also give rise to too strong transitions. It is
possible that fields get trapped in the metastable minimum so that electroweak symmetry
remains unbroken. Also, the latent heat released in the transition may be so large that the
transition walls necessarily become supersonic. However, we find also parameters for which
walls may be subsonic, consistent with the electroweak baryogenesis scenario. Overall, we
are able to find models that satisfy all observational and experimental constraints and can
also give rise to a successful electroweak baryogenesis, accompanied by a subleading DM in
the 2HDSM context.
The structure of the paper is as follows: In Sec. 2 we introduce the model and dis-
cuss the most general GL(2, )-reparametrization invariant 2HDSM Lagrangian including
Yukawa couplings. Here we also develop methods to study the vacuum stability and the
phase-transition patterns in the theory. In Sec. 3 we first go through the experimental con-
straints on the model and evaluate the DM relic abundance and the DM search limits on
model parameters. We then evaluate the strength of the transition and compute the baryon
asymmetry created in the electroweak phase transition. The section is concluded by a study
of bubble nucleation in the 2HDSM and in the singlet extension of the SM. In Sec. 4 we
conclude and outline some directions for future research.
2 The model
We start from the most general two-Higgs-doublet and inert-singlet extension of the SM with
the scalar field Lagrangian:
Lscalar = Zij(DµHi)†DµHj + 12(@µS)
2   V (H1, H2, S) , (2.1)
– 2 –
where Zij is an arbitrary Hermitian 2⇥ 2 matrix and the most general potential is given by
V (H1, H2, S) = m21|H1|2  m22|H2|2  
⇣
m212H
†
2H1 + h.c.
⌘
  12m2SS2
+  1|H1|4 +  2|H2|4 +  3|H1|2|H2|2 +  4(H†1H2)(H†2H1)
+
⇣
 5(H
†
2H1)
2 +  6|H1|2(H†2H1) +  7|H2|2(H†2H1) + h.c.
⌘
+ 14 SS
4 + 12 S1S
2|H1|2 + 12 S2S2|H2|2 +
⇣
1
2 S12S
2H†2H1 + h.c.
⌘
.
(2.2)
Both doublets Hi are assumed to be gauged under SU(2)L ⇥ U(1)Y , while the scalar S
is a singlet under all SM gauge interactions. The singlet S is a crucial ingredient in the
model because it will disentangle the source of a strongly first-order transition from that of
su ciently strong CP violation.
The Lagrangian (2.1) is invariant under a reparametrization transformation  !  0 ⌘
P  (and a simultaneous rescaling of S), where P is an element of the general linear group
GL(2, ), and   is the Higgs hyperdoublet:
  ⌘ (H1, H2)T . (2.3)
GL(2, ) is the semidirect product of special linear transformations SL(2, ) and multiplica-
tive group of dilatations ⇥. We can always use the dilatation and a hyperbolic SL(2, )
transformation to bring the kinetic term into the canonical form, Zij ! diag(1, 1), i.e.
Zij(DµHi)
†DµHj ! |DµH1|2 + |DµH2|2 .
The resulting Lagrangian is still invaria t under elliptic SL(2, ) transforma io s, i.e. the
usual SU(2) rotations of the doublets.
A generic 2HDM gives rise to unacceptably large flavour-changing neutral currents
(FCNCs) and the presence of a singlet does not change the situation. One way to avoid
FCNCs is the Yukawa ali nment [10], which assumes that both doublets couple to fermions
wit the same matrix structure (sinc S is a singlet under M gauge intera tions its coupling
to charged SM fermions are excluded):
LYukawa = yuCiuQ¯LH˜iuR + ydCidQ¯LHidR + y`Ci`LLHieR + h.c, (2.4)
where H˜2 ⌘ i 2H⇤2 . Here ya are flavour matrices independent of the doublet index, and Cai
are doublet-index dependent complex numbers. In general the alignment may be di↵erent
in di↵erent fermion sectors: Cai 6= Cbi . However, for simplicity, we choose to work in the
special cas of universal Yukawa alignment, where Cai ⌘ Ci. In this case we can, without a
further loss f generality, choose the b s s where only the H2 field couples to fe mions. Thi
corresponds to setting C1 = 0 and C2 = 11, so that:
LYukawa = yuQ¯LH˜2uR + ydQ¯LH2dR + y`LLH2eR + h.c . (2.5)
The choice of basis leading to (2.5) can be e↵ected by an SU(2) rotation of  , and it exhausts
our remaining freedom to perform elliptic SL(2, )-reparametrization transformations after
diagonalizing the kinetic term2.
1This actually involves a rotation and a redefining of the scale of ya matrices.
2Note that in the case of general Yukawa alignment, where Cai 6= Cbi , one could still use the SU(2) rotation
to set Cu1 = 0, so that up-type quarks couple only to H2. Most of our subsequent analysis would hold also
for this scenario, because it is mostly sensitive only to th l rge top-quark coupling. The only exception is
the electron EDM, for which our analysis covers only a part of the full phase space available in the context of
general alignment.
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Figure 4. Left: Shown is the correlation between the baryon-to-entropy ratio ⌘B and the mixing
matrix element sin CP. Red dots correspond to models for which Tn cannot be found (in the thin-
wall approximation). Right: the correlation between ⌘B and de. The red region is excluded by the
eEDM limit and the black line shows the observed baryon-to-entropy ratio.
We take ⇠w = 0.1 for the wall velocity and g⇤ = 106.75 for the number of degrees of freedom
in the plasma. The left-chiral baryon chemical potential is
µBL =
1
2
(1 + 4K1,t)µt +
1
2
(1 + 4K1,b)µb   2K1,tcµtc . (3.20)
For the sphaleron rate we use a formula interpolating between the symmetric and the broken
phase [8],
 sph(z) = min(10
 6Tc, 2.4Tce 40v(z)/Tc), (3.21)
where v(z)2 = h1(z)2 + h2(z)2.
In the left panel of Fig. 4 we show how the baryon-to-entropy ratio relative to the
observed value ⌘obsB = 8.7 ⇥ 10 11 [40] correlates with the CP-violation-se sitiv parameter
sin CP defined in (3.13). Shown are only the points which survive the eEDM bound. As
expected, the size of sin CP correlates with the size of ⌘B. This trend is similar to the
correlation between sin CP and de shown in Fig. 3. However, a large ⌘B does not always
imply a large de, as is clear from the right panel of Fig. 4, where we show the correlation
between de and ⌘B, again for points that pass the EDM bound. Apparently, while both
quantities are sensitive to the CP-violating parameters in the model, they can be sensitive
to di↵erent linear combinations of them, so that large ⌘B may be obtained simultaneously
with a small enough de.
Fig. 5 shows the distributions of various physical parameters in our parametric scan.
Orange colour refers to models that pass all experimental cuts described in Secs. 3.1 and 3.2,
and give a strong EWPT, blue to models that in addition satisfy EDM constraint and green
to models which also give large baryon-to-entropy ratio ⌘B/⌘obsB 2 [0.5, 2]. These plots must
be interpreted with care, since our scans were partly tuned by hand. Nevertheless, we see that
none of the vevs can be very large and in particular both v1 and v2 need to be nonzero. Also
the critical temperature is bounded from above: Tc <⇠ 100 GeV. Finally for the models with
large ⌘B, the new scalar masses are in general bound from above: mH ,mA0 ,mH± <⇠ 1.4 TeV
and mS <⇠ 400 GeV, which is encouraging from the point of view of experimental verifiability
of the model.
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3.6 Bubble nucleation
So far we have implicitly assumed that the bubble nucleation takes place at a temperature
not too di↵erent from the critical temperature. This is typically the case in models where the
first-order phase transition is e↵ected by cubic corrections to potential from infrared m des,
which leads to rather mild supercooling and small latent heat release. Here the situat on is
di↵erent, because the barrier between the egenerate m nima is essenti lly du to a tree-level
term. Thus a stronger supercooling and ore latent heat release may be expected, or even
a possibility of a formation of a metastable vacuum where the electroweak breaking never
takes place.
We study the nucleation problem in the thin-wall limit [41]. The bubble nucleation rate
is given by
  ⇠ T 4
✓
S3(T )
2⇡T
◆3/2
exp
✓
 S3(T )
T
◆
, (3.22)
where S3(T ) is the three-dimensional action for an O(3)-symmet ic bubble. In the thin-w
limit, it is given by
S3(T ) =
16⇡
3
 3
 V (T )2
, (3.23)
where  V (T ) is the p tential energy i↵erenc between the electrowe k-symmetric and
electroweak-broken minima and   is the surface tension,
  =
Z
d 
p
2V , (3.24)
i tegrat d along the path from the symmetric to th broken minimum at temperature T = Tc.
Th bubble nucleation temperature Tn is defined as the temperature at which creating at
least one bubble per horizon volume is of order one. This condition can be written as
S3(Tn)
Tn
=   log
✓
3
4⇡
⇣H(Tn)
Tn
⌘4⇣ 2⇡Tn
S3(Tn)
⌘3/2◆
. (3.25)
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For not too strong phase r nsitions, bu bl s nuclea e near the
critical temperature. For stronger PTs, Tn can be significantly < Tc.
Criterion to avoid sphaleron w shout inside bubbles is
vn
Tn
> 1.1, n t
vc
Tc
> 1.1
Must compute bubble action S3
S3 = 4π
∫
∞
0
dr r2
(
1
2(h
′2 + ′2) + V (h, s)− V (0, sT )
)
and solve
exp(−S3/Tn) =
3
4π
(
H(Tn)
Tn
)4(2πTn
S3
)3/2
for Tn. But finding bubble wall solution at T < Tc is numerically
tricky.
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  -  Perturbativity up to 1.5 TeV 
  -  LUX-limits on DM (singlet s) 
  -  Strong transition (=>s is subleading DM)
The singlet scalar enables for a strong first order EWPT and the two-Higgs-
doublet sector gives a source for suﬃcient CP violation. We assume Z2
symmetry for the S field, so that it can act as a DM candidate. Though here
we have more freedom in the couplings, the observed DM abundance can
not be obtained simultaneously with a first order EWPT similarly as in the
simple singlet scalar extension of the SM discussed in Chapter 3.
The spectrum of the model includes in addition to the Higgs bos n, h0,
and the singlet scalar S, two neutral scalar bosons, H0 and A0, and charged
scalar bosons, H±. Collider experiments constrain the masses of these new
scalars, as well as their mixing. For the S scalar similar constraints apply as
in Chapter 3.
γ
Z
h
t
e
Figure 5.1: A diagram contributing to the electron EDM.
However, for baryogenesis, the most restrictive constraint arises from
electric dipole moments (EDMs). The new scalar bosons which couple directly
to the gauge bosons may increase the EDM of charged particles compared
to the SM. Currently the most stringent bound for 2HDMs arises from
electron EDM, de, for which the ACME experiment gives an upper limit
|de| < 8.7⇥ 10 29ecm [73]. The dominant conribution to de arises from two
loop processes. The electron EDM in 2HDM can be written as
de = d
h  
t + d
hZ 
t + d
h  
W± + d
hZ 
W± + d
h  
H± + d
hZ 
H± + d
H±W⌥ , (5.3)
where the upper indices refer to the particles which enter the eﬀective vertex
and the lower indices to the particle running in the loop. Here h stands for
any neutral scalar from the two-Higgs-douplet sector, h = h0, H0, A0. For
example a diagram corresponding to the second term, dhZ t , is shown in Figure
5.1. The last term in (5.3) is slightly more complicated arising from various
vertex and wave function corrections to the H±W⌥  vertex. The expressions
for diﬀerent contributions are given in Reference [74]. Figure 5.2 shows that
large portion of otherwise viable parameter space is excluded by the electron
EDM constraint.
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Figure 3. Scatter plot of all models with strong enough EWPT as a function of the mixing parameter
sin CP and the electron EDM de. The red region is excluded by the eEDM limit.
between two degenerate minima at critical temperature T = Tc, for which the condition (3.10)
holds. The covariant derivatives involve the classical Zµ field: Dµ = @µ   ig/(2 cos ✓W)Zµ.
We wri e th neut al components of the doublets as hjei'j and observe that the e↵ective
potential can depend only on the relative phase ' ⌘ '1   '2. Following Ref. [8], we work in
the gauge Zµ = 0, whereby we need to account for four fields: h1, h2, S and ', while solving
the path. Th relevant reduced action is
S1 =
Z
dz
 X
i
1
2
(@zhi)
2 +
1
2
(@zS)
2 +
1
2
h21h
2
2
h21 + h
2
2
(@z')
2 + V (h1, h2, S,', Tc)
!
. (3.15)
The invariance of the potential under the change of the total phase '1 + '2 implies a
conservation law, which in the Zµ = 0 gauge allows us to work out the phase '2 in terms of
the relative phase ' [8]:
@z'2 =   h
2
1
h21 + h
2
2
@z' . (3.16)
The complex, spatially-varying top mass can now be constructed from the phase '2(x) and
the modulus h2(z):
mt(z) =
ytp
2
h2(z)e
i'2(z). (3.17)
In fact, one does not need to solve for the top phase, since only its derivative, given by
Eq. (3.16), appears in the source term for the di↵usion equations for chemical potentials:
St = ⇠w
 
K8,t(x
2
t'
0
2)
0  K9,tx2tx20t '02
 
. (3.18)
Here ⇠w is the wall velocity, primes denote @zT and Kn,t are dimensionless functions of
xt ⌘ |mt|/T arising from phase-space averaging of certain kinematic variables defined in [39].
Given the source, one can calculate chemical potentials µj(z) for top, bottom, anti-top
and Higgs by solving a set of transport equations defined in [7]. Finally the baryon-to-entropy
ratio ⌘B ⌘ nB/s is given by
⌘B =
405
4⇡2⇠wg⇤Tc
Z 1
0
dz  sph(z)µBL(z)e
 45 sph(z)z/4⇠w . (3.19)
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Figure 2. Scanned data points which give a strong first-order EWPT. Yellow points are excluded by
direct DM searches.
3.4 Electron EDM constraint
The non-observation of electric dipole moments (EDMs) of electrons, neutrons and atoms
gives stringent bounds on CP-violating interactions in multi-Higgs models. As shown in [36],
currently the most stringent bound for 2HDMs arises from the electron EDM, for which the
ACME experiment gives an upper limit
|de| < 8.7⇥ 10 29ecm , (3.12)
with 90% confidence level [37]. We calculate de for the points which give a strong first-order
EWPT using the results from Ref. [38], where Barr–Zee type contributions to fermionic
EDM were calculated in 2HDM. These results are directly applicable here as well, because
the singlet scalar S does not directly couple to gauge fields. In Fig. 3, we show the distribution
of models passing all previous cuts as a function of de and the neutral scalar mixing matrix
element RN42 , which expresses the projection of h0 to complex part of the second doublet:
RN42 ⌘ hH02I |h0i ⌘ sin CP . (3.13)
sin CP is given in terms of the various mixing angles in Eq. (A.8). The red region is excluded
by the electron EDM constraint. Small de naturally correlates with small sin CP, because
the size of sin CP is proportional to the size of the CP-violating mixing in the model.
3.5 Baryogenesis
The actual baryogenesis mechanism in our model relies on CP-violating interactions of the
top qu rk with he expanding phase-transition walls. The CP violation comes directly from
th spatial evolution of the complex phases of the Higgs field H2, which renders the top mass
a complex-valued function of the spatial coordinate across the wall. The first step for us is
then to work o t the evolution of the scalar fields over the bubble wall.
We shall approximate the true phase-transition-wall profile in the usual way, by the
stationary path that extremizes the Euclidean one-dimensional actionZ
dz
✓
|DzH1| + |DzH2| + 1
2
|@zS| + V + . . .
◆
, (3.14)
– 12 –
ACME Collaboration, 
Science 343 (2014) 
269–272
If all above ok, compute BAU
Yukawa alignment, which may be argued for by a requirement that the whole Lagrangian is
invariant under the group GL(2, ) of linear reparametrization transformations in the doublet
space. We also use the reparametrization invariance to develop an elegant way explore the
vacuum stability and the phase-transition pattern in the model.
In the 2HDM context large CP violation requires that scalar couplings have large com-
plex phases and strong transition requires that couplings are large in magnitude. When
combined, these requirements tend to give too large electron and neutron electric dipole mo-
ments (EDMs). We will show that the presence of the additional scalar allows for a strong
two-step electroweak phase transition, which does not rely on large radiative corrections to
the e↵ective potential. This alleviates the burden on the scalar self-couplings and significantly
increases the phase space consistent with EDM constraints in the 2HDSM.
The singlet scalar can also be a dark matter (DM) candidate when a discrete Z2 symme-
try is imposed to stablize it. However, we will find that a strong first-order phase transition
is not consistent with a dominant singlet scalar DM particle. The problem is that a strong
two-step transition requires a large coupling between the singlet and doublet sectors and this
implies so large annihilation rate for the DM that its relic abundance becomes too small to
account for the full observed DM density. This conclusion is generic for all models of this
type.
We observe that two-step transitions may also give rise to too strong transitions. It is
possible that fields get trapped in the metastable minimum so that electroweak symmetry
remains unbroken. Also, the latent heat released in the transition may be so large that the
transition walls necessarily become supersonic. However, we find also parameters for which
walls may be subsonic, consistent with the electroweak baryogenesis scenario. Overall, we
are able to find models that satisfy all observational and experimental constraints and can
also give rise to a successful electroweak baryogenesis, accompanied by a subleading DM in
the 2HDSM context.
The structure of the paper is as follows: In Sec. 2 we introduce the model and dis-
cuss the most general GL(2, )-reparametrization invariant 2HDSM Lagrangian including
Yukawa couplings. Here we also develop methods to study the vacuum stability and the
phase-transition patterns in the theory. In Sec. 3 we first go through the experimental con-
straints on the model and evaluate the DM relic abundance and the DM search limits on
model parameters. We then evaluate the strength of the transition and compute the baryon
asymmetry created in the electroweak phase transition. The section is concluded by a study
of bubble nucleation in the 2HDSM and in the singlet extension of the SM. In Sec. 4 we
conclude and outline some directions for future research.
2 The model
We start from the most general two-Higgs-doublet and inert-singlet extension of the SM with
the scalar field Lagrangian:
Lscalar = Zij(DµHi)†DµHj + 12(@µS)
2   V (H1, H2, S) , (2.1)
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where Zij is an arbitrary Hermitian 2⇥ 2 matrix and the most general potential is given by
V (H1, H2, S) = m21|H1|2  m22|H2|2  
⇣
m212H
†
2H1 + h.c.
⌘
  12m2SS2
+  1|H1|4 +  2|H2|4 +  3|H1|2|H2|2 +  4(H†1H2)(H†2H1)
+
⇣
 5(H
†
2H1)
2 +  6|H1|2(H†2H1) +  7|H2|2(H†2H1) + h.c.
⌘
+ 14 SS
4 + 12 S1S
2|H1|2 + 12 S2S2|H2|2 +
⇣
1
2 S12S
2H†2H1 + h.c.
⌘
.
(2.2)
Both doublets Hi are assumed to be gauged under SU(2)L ⇥ U(1)Y , while the scalar S
is a singlet under all SM gauge interactions. The singlet S is a crucial ingredient in the
model because it will disentangle the source of a strongly first-order transition from that of
su ciently strong CP violation.
The Lagrangian (2.1) is invariant under a reparametrization transformation  !  0 ⌘
P  (and a simultaneous rescaling of S), where P is an element of the general linear group
GL(2, ), and   is the Higgs hyperdoublet:
  ⌘ (H1, H2)T . (2.3)
GL(2, ) is the semidirect product of special linear transformations SL(2, ) and multiplica-
tive group of dilatations ⇥. We can always use the dilatation and a hyperbolic SL(2, )
transformation to bring the kinetic term into the canonical form, Zij ! diag(1, 1), i.e.
Zij(DµHi)
†DµHj ! |DµH1|2 + |DµH2|2 .
The resulting Lagrangian is still invaria t under elliptic SL(2, ) transforma io s, i.e. the
usual SU(2) rotations of the doublets.
A generic 2HDM gives rise to unacceptably large flavour-changing neutral currents
(FCNCs) and the presence of a singlet does not change the situation. One way to avoid
FCNCs is the Yukawa ali nment [10], which assumes that both doublets couple to fermions
wit the same matrix structure (sinc S is a singlet under M gauge intera tions its coupling
to charged SM fermions are excluded):
LYukawa = yuCiuQ¯LH˜iuR + ydCidQ¯LHidR + y`Ci`LLHieR + h.c, (2.4)
where H˜2 ⌘ i 2H⇤2 . Here ya are flavour matrices independent of the doublet index, and Cai
are doublet-index dependent complex numbers. In general the alignment may be di↵erent
in di↵erent fermion sectors: Cai 6= Cbi . However, for simplicity, we choose to work in the
special cas of universal Yukawa alignment, where Cai ⌘ Ci. In this case we can, without a
further loss f generality, choose the b s s where only the H2 field couples to fe mions. Thi
corresponds to setting C1 = 0 and C2 = 11, so that:
LYukawa = yuQ¯LH˜2uR + ydQ¯LH2dR + y`LLH2eR + h.c . (2.5)
The choice of basis leading to (2.5) can be e↵ected by an SU(2) rotation of  , and it exhausts
our remaining freedom to perform elliptic SL(2, )-reparametrization transformations after
diagonalizing the kinetic term2.
1This actually involves a rotation and a redefining of the scale of ya matrices.
2Note that in the case of general Yukawa alignment, where Cai 6= Cbi , one could still use the SU(2) rotation
to set Cu1 = 0, so that up-type quarks couple only to H2. Most of our subsequent analysis would hold also
for this scenario, because it is mostly sensitive only to th l rge top-quark coupling. The only exception is
the electron EDM, for which our analysis covers only a part of the full phase space available in the context of
general alignment.
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Figure 4. Left: Shown is the correlation between the baryon-to-entropy ratio ⌘B and the mixing
matrix element sin CP. Red dots correspond to models for which Tn cannot be found (in the thin-
wall approximation). Right: the correlation between ⌘B and de. The red region is excluded by the
eEDM limit and the black line shows the observed baryon-to-entropy ratio.
We take ⇠w = 0.1 for the wall velocity and g⇤ = 106.75 for the number of degrees of freedom
in the plasma. The left-chiral baryon chemical potential is
µBL =
1
2
(1 + 4K1,t)µt +
1
2
(1 + 4K1,b)µb   2K1,tcµtc . (3.20)
For the sphaleron rate we use a formula interpolating between the symmetric and the broken
phase [8],
 sph(z) = min(10
 6Tc, 2.4Tce 40v(z)/Tc), (3.21)
where v(z)2 = h1(z)2 + h2(z)2.
In the left panel of Fig. 4 we show how the baryon-to-entropy ratio relative to the
observed value ⌘obsB = 8.7 ⇥ 10 11 [40] correlates with the CP-violation-se sitiv parameter
sin CP defined in (3.13). Shown are only the points which survive the eEDM bound. As
expected, the size of sin CP correlates with the size of ⌘B. This trend is similar to the
correlation between sin CP and de shown in Fig. 3. However, a large ⌘B does not always
imply a large de, as is clear from the right panel of Fig. 4, where we show the correlation
between de and ⌘B, again for points that pass the EDM bound. Apparently, while both
quantities are sensitive to the CP-violating parameters in the model, they can be sensitive
to di↵erent linear combinations of them, so that large ⌘B may be obtained simultaneously
with a small enough de.
Fig. 5 shows the distributions of various physical parameters in our parametric scan.
Orange colour refers to models that pass all experimental cuts described in Secs. 3.1 and 3.2,
and give a strong EWPT, blue to models that in addition satisfy EDM constraint and green
to models which also give large baryon-to-entropy ratio ⌘B/⌘obsB 2 [0.5, 2]. These plots must
be interpreted with care, since our scans were partly tuned by hand. Nevertheless, we see that
none of the vevs can be very large and in particular both v1 and v2 need to be nonzero. Also
the critical temperature is bounded from above: Tc <⇠ 100 GeV. Finally for the models with
large ⌘B, the new scalar masses are in general bound from above: mH ,mA0 ,mH± <⇠ 1.4 TeV
and mS <⇠ 400 GeV, which is encouraging from the point of view of experimental verifiability
of the model.
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models
 +  low ene gy Lan au poles < 10-100 TeV 
    - No UV-completion => s lving B => n d for BSM

    - Problem is with the CP-vi lation and DM
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The bubble nucleation rat
Figure 5. Shown are the frequency distributions of the vevs of the scalar fi lds a d the critical
temperature as well as scatter plots for the masses of t e new heavy scalar particles in our parameter
scan. For details see the text.
3.6 Bubble nucleation
So far we have implicitly assumed that the bubble nucleation takes place at a temperature
not too di↵erent from the critical temperature. This is typically the case in models where the
first-order phase transition is e↵ected by cubic corrections to potential from infrared m des,
which leads to rather mild supercooling and small latent heat release. Here the situat on is
di↵erent, because the barrier between the egenerate m nima is essenti lly du to a tree-level
term. Thus a stronger supercooling and ore latent heat release may be expected, or even
a possibility of a formation of a metastable vacuum where the electroweak breaking never
takes place.
We study the nucleation problem in the thin-wall limit [41]. The bubble nucleation rate
is given by
  ⇠ T 4
✓
S3(T )
2⇡T
◆3/2
exp
✓
 S3(T )
T
◆
, (3.22)
where S3(T ) is the three-dimensional action for an O(3)-symmet ic bubble. In the thin-w
limit, it is given by
S3(T ) =
16⇡
3
 3
 V (T )2
, (3.23)
where  V (T ) is the p tential energy i↵erenc between the electrowe k-symmetric and
electroweak-broken minima and   is the surface tension,
  =
Z
d 
p
2V , (3.24)
i tegrat d along the path from the symmetric to th broken minimum at temperature T = Tc.
Th bubble nucleation temperature Tn is defined as the temperature at which creating at
least one bubble per horizon volume is of order one. This condition can be written as
S3(Tn)
Tn
=   log
✓
3
4⇡
⇣H(Tn)
Tn
⌘4⇣ 2⇡Tn
S3(Tn)
⌘3/2◆
. (3.25)
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Nucleation t m era ur , T
Tn
Tc
For not too strong phase r nsitions, bu bl s nuclea e near the
critical temperature. For stronger PTs, Tn can be significantly < Tc.
Criterion to avoid sphaleron w shout inside bubbles is
vn
Tn
> 1.1, n t
vc
Tc
> 1.1
Must compute bubble action S3
S3 = 4π
∫
∞
0
dr r2
(
1
2(h
′2 + ′2) + V (h, s)− V (0, sT )
)
and solve
exp(−S3/Tn) =
3
4π
(
H(Tn)
Tn
)4(2πTn
S3
)3/2
for Tn. But finding bubble wall solution at T < Tc is numerically
tricky.
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is slow if  Tn << Tc  (lot of supercooling) => 

Da ger of being trapped => No EW-breaking
Indeed: Models in red: no Tn
Dark sector EWBG 
Generic issue:  Diﬃculty of obtaining large CP-violation consistent with observations 
                           (and UV-completeness idea)
Idea:  Move CP-violation to dark sector
Problem:  How to transfer the asymmetry to the visible sector / sphalerons?
Solution:  a CP-portal
Gain:  Get rid of most constraints, EDM’s in particular
“Electroweak baryogenesis from a dark sector”
James M. Cline, KK and David Tucker-Smith
CERN-TH-2017-050, arXiv:1702.08909 [hep-ph]
accepted for publication in PRD
3rd try: couple S to sterile neutrino χ
Like Hillary, we don’t give up. Introduce Majorana fermion χ,
1
2 χ¯ [mχ + S(η PL + η
∗PR)]χ
with Im(mχ η) ̸= 0. Creates CP asymmetry between χ helicities at
bubble wall.
Bonus: χ is a dark matter candidate
To transfer CP asymmetry to SM leptons, need an inert Higgs
doublet φ and coupling
y χ¯φLτ
Asymmetry is transferred by (inverse) decays,
χL¯τ → φ, φ→ L¯τχ,
This works, and we can get the right DM relic density.
Note Z2 symmetry φ→ −φ, χ→ −χ.
DM must be χ rather than φ because of direct detection constraints.
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S,SM
Dark sector
DM
CP
V = VMSM +
1
2
µ2SS
2 +
1
2
 shS
2|H|2 + 1
4
 sS
4
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1. CP-asymmetry source involving a sterile neutrino 𝜒
spontaneous CP-violation  => 𝜒-helicity asymmetry2. CP-portal: involving an inert doublet Φ
Vectorlike leptons
A model that fails, for interesting reasons.
Vectorlike leptons are less strongly constrained by LHC than
vectorlike quarks.
Let LL, LR be a pair of doublet leptons. In Dirac notation,
L = (LR, LL),
L ∋ L¯a [M + (ηPL + η∗PR) s]La
Relative phase betweenM and η violates CP. At bubble wall, this
leads to chiral asymmetry ∆LL = −∆LR.
If LL and LR were massless, this would bias sphalerons doubly
But the massM exponentially suppresses the effect of L on
sphalerons.
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singlet scalar
3rd try: couple S to sterile neutrino χ
Like Hillary, we don’t give up. Introduce Majorana fermion χ,
1
2 χ¯ [mχ + S(η PL + η
∗PR)]χ
with Im(mχ η) ̸= 0. Cre tes CP asymmetry etw en χ helicities at
bubble wall.
Bo us: χ is a dark matter candidate
To transfer CP asymmetry to SM leptons, need an inert Higgs
doublet φ and coupling
y χ¯φLτ
Asymmetry is transferred by (inverse) decays,
χL¯τ → φ, φ→ L¯τχ,
This works, and we can get the right DM relic density.
Note Z2 symmetry φ→ −φ, χ→ −χ.
DM must be χ rather than φ because of direct detection constraints.
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y χ¯φLτ
Asymmetry is transferred by (inverse) decays,
χL¯τ → φ, φ→ Lτχ,
This works, and we can get the right DM relic density.
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Vectorlike leptons
A mod l that fails, for i teresting reasons.
Vectorlike leptons are less strongly constrained by LHC than
vectorlike quarks.
Let LL, LR be pair of doublet leptons. In Dirac notation,
L = (LR, LL),
L ∋ L¯a [M + (ηPL + η∗PR) s]La
Relative phase betweenM and η violate CP. At bubble wall, this
leads to chiral asymmetry ∆LL = −∆LR.
If LL and LR were massless, this would bias sphalerons doubly
But the massM exponentially suppresses the effect of L on
sphalerons.
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Asymmetry t a sported to 𝛕’s mainly via decays
3rd try: couple S to sterile neutrino χ
Like Hillary, we don’t give up. Introduce Majorana fermion χ,
1
2 χ¯ [mχ + S(η PL + η
∗PR)]χ
with Im(mχ η) ̸= 0. Creates CP asymmetry between χ helicities at
bubble wall.
Bonus: χ is a dark matter candidate
To transfer P asym etry to SM leptons, need an inert Higgs
doublet φ and coupling
y χ¯φLτ
Asymmetry is transferred by (inverse) decays,
χL¯τ → φ, φ→ L¯τχ,
This works, and we can get the right DM relic density.
Note Z2 symmetry φ→ −φ, χ→ −χ.
DM must be χ rather than φ because of direct detection constraints.
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4. Bonus: 𝜒 is a natural DM candidate 
This can be ade to work with reasonable parameters:
3. 𝛕’s bias sphalerons to r duce baryon asymmetry
Dark matter relic d nsity
We can get thermal relic abundance from annihil tions
χχ→ τ τ¯ , ντ ν¯τ , χχ→ SS (if mχ > mS)
Both cross sections are p-wave suppressed,
Can get right relic density for reasonable values of parameters,
mχ ∼ 50GeV, mφ ∼ 150GeV, y ∼= 0.65
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Dark matter relic density
We can get thermal relic abundance from annihilations
χχ→ τ τ¯ , ντ ν¯τ , χχ→ SS (if mχ > mS)
Both cross sections are p-wave suppressed,
Can get right relic density for reasonable values of parameters,
mχ ∼ 50GeV, mφ ∼ 150GeV, y ∼= 0.65
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⌘ 0.1
Dark s ctor EWBG main features (IDM + S + 𝛘)
3
the following relations hold:
 ⌘  m   2 h v
2
c
w2c
(5)
T 2c =
 h
ch
 
v20   v2c
 
(6)
Here the coe cients ch and cs encode the O(T 2) correc-
tions to the masses of h and S, and are given in terms of
the gauge and other couplings by
ch =
1
48
 
9g2 + 3g02 + 12y2t + 24 h + 2 m
 
cs =
1
12
✓
3 h
v4c
w4c
+ 2 m + |⌘|2
◆
(7)
where we ignored all SM Yukawa couplings apart from
that of the top quark, as well as possible couplings of the
inert doublet   to the SM Higgs. The zero-temperature
masses are given by
m2h = 2 hv
2
0 , (8)
m2s =
1
2v
2
0 +  h(v
2
0   v2c )
✓
v2c
w2c
  cs
ch
◆
(9)
The actual bubble nucleation temperature Tn is lower
than the critical temperature Tc; it is determined by the
Euclidean action S3 of the bubble solution,
S3 = 4⇡
Z 1
0
dr r2
 
1
2 (h
02 + s02) + V (h, s)  V (0, wT )
 
(10)
(V (0, wT ) being the value of the potential in the false
minimum and prime denoting d/dr) through the relation
exp( S3/Tn) = 3
4⇡
✓
H(Tn)
Tn
◆4✓2⇡Tn
S3
◆3/2
(11)
where H is the Hubble rate.
To compute the bubble action S3, we discretized the
spherically symmetric equations of motion for (h, s) fol-
lowing from (10) and solved them using relaxation, sub-
ject to the boundary conditions dh/dr = ds/dr = 0 at
r = 0 and (h, s) approaching the false minimum of the
potential as r ! 1. The solutions turn out to be well
described by the thin-wall approximation [42] suitably
modified to accommodate two fields, as we describe in ap-
pendix A. This approximate method is numerically much
faster than the exact solution, making it useful for scan-
ning over models. As a further check, we recomputed
the nucleation temperature Tn and VEV vn for models
from our random scan using the CosmoTransitions pack-
age [43], verifying consistency with the results from our
own code.1
1 Before carrying out this more exact analysis, we initially used the
results of ref. [44] which presents semianalytic formulae for the
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FIG. 2: Example of path (for the fiducial model of table
I) over phase transition wall in the (h, s)-space (continu-
ous red curve) with the equipotential surfaces included for
V (h, s)/T 4n . Red dot indicates the position of the saddle point.
The amplitudes of the fields as a function of z are shown in
the inset. Also shown is the tunnelling path of the nucleation
bubble at T = Tn (blue dashed curve).
Having determined the nucleation temperature and
VEV, we demand that vn/Tn > 1.1 to prevent washout
of the baryon asymmetry in the broken phase inside
the bubble walls [45, 46]. Finding the correct bubble
wall profile is a very complicated problem that essen-
tially depends on the friction exerted on the wall by the
non-equilibrium plasma. Here we adopt the following
simple approximation. We fix the path in field space
by minimizing the potential V (h, s) along radial direc-
tions: (@⇢V )✓ ⌘ 0 and setting h(✓) ⌘ ⇢(✓) cos ✓ and
s(✓) ⌘ ⇢(✓) sin ✓. After this we fix the main spatial de-
pendence of the profile by setting
h(z) = 12vn (1  tanh(z/Lw)) , (12)
where the wall thickness is estimated as [15]
Lw ⇠=

2.7

v2c + w
2
c
v2c w
2
c
✓
1 +
w2c
4 h v2c
◆ 1/2
. (13)
Here we use the thickness of the one-dimensional solution
corresponding to the steady-state phase of the expand-
ing bubble wall, rather than the thickness of the initial
bubble wall profile and action. These formula are only tractable
at the lowest order in an expansion that should converge to the
accurate action and tunneling path in field space. We found
that this lowest order approximation typically gives S3/T much
larger than the true value, by factors of 10 or more, leading to
an underestimate of Tn and an overestimate of the strength of
the phase transition, vn/Tn.
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PT is 2-step as in the the singlet model 

Blue line: tunneling path at Tn

Red line: path over the expanding bubble wall.
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FIG. 15: The helicity source function Sh  used in the present
work versus the spin basis source Ss  of ref. [48] (highest two
curves). The lowest curve is Sh  computed with a straight-
line approximation in h-s field space to the bubble wall path,
rather than the more accurate curved path.
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Fluid equations are generically of the form:
Dark sector EWBG fluid equations sample solutions
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FIG. 3: Dominant infrared-sensitive processes governing elas-
tic and helicity flipping scattering rates. The lines marked
with (x) indicate possible helicity flips of the   that enter
into the rate  hf . These are computed in the electroweak
symmetric phase in front of the wall, neglecting hypercharge
interactions.
critical bubble determined in [44]. The former is thinner
than the latter, but still & 6/T , justifying the semiclas-
sical approach to computing the baryon asymmetry that
we employ below. An example of the wall path in field
space, and its spatial profile, is shown in fig. 2.
To maintain consistency with our adoption of the Z2
symmetric tree-level potential, we can set Re(⌘m ) =
0. This corresponds to taking a CP-conserving coupling
of S to  , where S transforms as a pseudoscalar. In
a realistic treatment, there should be some breaking of
the Z2 symmetry; otherwise equal and opposite baryon
asymmetries are produced from neighboring regions of
the universe starting from false vacua with S > 0 or
S < 0, leading to a net vanishing asymmetry. However a
small breaking to remove the degeneracy is su cient to
dilute away any regions in the higher-energy vacuum by
the evolution of domain walls, and should not change our
estimate of the baryon asymmetry in a significant way, as
long as the domain walls formed when S condenses have
time to move away before tunneling to the electroweak
symmetry breaking vacuum occurs.
4. BARYON ASYMMETRY
To compute the chemical potentials that induce baryon
violation, we use the first-order di↵usion equations for the
chemical potential µi and velocity perturbations ui for
i =  ,  , L⌧ 2, following the method introduced for the
MSSM in ref. [47], which was refined by [48]. Here µ 
is the potential for negative minus positive helicity  ’s.
In the limit m  ! 0, the positive and negative helicity
states would correspond to the particle and antiparticle
states of the massless fermion. With m  > 0, there is no
distinction between particle and antiparticle, but there
is still approximate conservation of the helicities, whose
damping by mass e↵ects will be taken into account in the
Boltzmann equations. Following the notation of ref. [48],
2 uL has dimensions of mass, and is proportional to the actual
velocity perturbation
the ensuing fluid equations can be concisely written as
A 
✓
µ0 
u0 
◆
= C    vwm2 0
✓
K2, µ 
K6, u 
◆
+
✓
0
Sh 
◆
Ai
✓
µ0i
u0i
◆
= Ci, for i =  , ⌧ (14)
where the coe cient matrices Ai and the collision factors
Ci are given by
Ai ⌘
✓
vwK1,i
 K4,i
1
vwK5,i
◆
, Ci ⌘
✓
Cµi
  ˜el,i ui
◆
, (15)
with
Cµ  = 2 ˜hf µ  + 2 ˜d (µ  + cµ⌧   cµ )
Cµ  =  ˜d (µ    µ⌧   cµ ) + 2 ˜⇥, (µ    µ⌧ )
Cµ⌧ =  ˜d(µ⌧ + cµ    µ ) + 2 ˜⇥,⌧ (µ⌧   µ ) . (16)
Here primes denote d/dz, where z is the direction trans-
verse to the bubble wall, vw is the wall velocity, m  =
(m2 + |⌘|2S2)1/2 is the magnitude of the field-dependent
  mass and thermal functions Ki,j ⌘ Ki(mj/T ) are de-
fined in [48].
The reaction rates appearing in (14) depend primarily
upon the (inverse) decay rates for   ! L⌧  and on the
scattering processes shown in fig. 3. These are the domi-
nant reactions because of infrared enhancement when the
intermediate particle exchanged in the t-channel goes on
shell, as described in appendices B and C. The tildes de-
note a particular normalization of the rates (see eq. ( 7)
and following eq. (E5))) that are convenient for erify-
ing conserved quantities; in the present case total lepton
number n  + n⌧ which is conserved by the L¯⌧   inter-
action.  ˜hf is the rate of helicity-flipping scatterings due
to the diagram of fig. 3(a) with the   mass i sertion.  ˜⇥
is the rate of  L¯⌧ !  ⇤L⌧ scatterings via mass inserti n
of the internal   shown in fig. 3(c).  ˜el,i is the elastic
scattering rate for particle i and  ˜d is the (inverse) decay
rate   ! L⌧ . Details of the computations of the elas-
tic and helicity-flipping rates are given in appendices B
and C.
The deviation of the coe cient c from unity quantifies
the probability of helicity reversal of   in a dec y process
due to its thermal motion. It is crucial for the mechanism
that c > 0 since otherwise there would be no net produc-
tion of µ⌧ from the (inverse) decays, as needed to bias
the sphalerons. However as discussed in appendix D, we
are far from the regime where c would be small enough
to significantly suppress the baryon asymmetry.
Finally, Sh  is the semiclassical source, which was first
derived in [47, 49] in the 1D-case and in [50] for 3D.
However, these works give the source in a particular spin-
eigenstate basis, while here we find it more convenient to
work in terms of, helicity eigenstates, defined in the wall
rest frame. We derive the correct source in the helicity
basis in appendix E. The result is,
Sh  = vw
⇣
 Kh8 (m2 ✓0)0 +Kh9 ✓0m2 m2 0
⌘
, (17)
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FIG. 3: Dominant infrared-sensitive processes governing elas-
tic and helicity flipping scatt ring rates. Th lines marked
with (x) indicate possible helicity flips of the   that enter
into the rate  hf . These are computed in the electroweak
symmetric phase in front of the wall, neglecting hypercharge
interactions.
critical bubble determined in [44]. The former is thinner
than the latter, but still & 6/T , justifying the semiclas-
sical approach to computing the baryon asymmetry that
we employ below. An example of the wall path in field
space, and its spatial profile, is shown in fig. 2.
To maint in consist ncy with our adoption of the Z2
symmetric tree-level potential, we can set Re(⌘m ) =
0. This corresponds to taking a CP-conserving coupling
of S to  , where S transforms as a pseudoscalar. In
a realistic treatment, there should be some breaking of
the Z2 symmetry; otherwise equal and opposite baryon
asymmetries are produced from neighboring regions of
the universe starting from false vacua with S > 0 or
S < 0, leading to a net vanishing asymmetry. However a
small breaking to e ove the degeneracy is su cient to
dilute away ny regio s in the higher-energy vacuum by
the evolution of d main walls, and should not hange our
estimate of the baryo asymmetry i a signifi ant wa , as
long as the do ai lls formed when S condenses have
time to move away before tunneling to the electroweak
symmetry breaking vacuum occurs.
4. BARYON ASYMMETRY
To compute the chemical potentials that induce baryon
violation, we use the first-order di↵usion equations for the
chemical potential µi and velocity perturbations ui for
i =  ,  , L⌧ 2, following the method introduced for the
MSSM in ref. [47], which was refined by [48]. Here µ 
is the potential for negative minus positive helicity  ’s.
In the limit m  ! 0, the positive and negative helicity
states would correspond to the particle and antiparticle
states of the massless f r ion. With m  > 0, there is no
distinction between particle and antipar cl , but here
is still app oximate c nservation of the helic ties, whose
damping by ma s ↵ects will be taken into account i the
Boltzmann equations. Following the notation of ref. [48],
2 uL has dimensions of mass, and is proportional to the actual
velocity perturbation
the ensuing fluid equations can be concisely written as
A 
✓
µ0 
u0 
◆
= C    vwm2 0
✓
K2, µ 
K6, u 
◆
+
✓
0
Sh 
◆
Ai
✓
µ0i
u0i
◆
= Ci, for i =  , ⌧ (14)
where the coe cient matrices Ai and the collision factors
Ci are given by
Ai ⌘
✓
vwK1,i
 K4,i
1
vwK5,i
◆
, Ci ⌘
✓
Cµi
  ˜el,i ui
◆
, (15)
with
Cµ  = 2 ˜hf µ  + 2 ˜d (µ  + cµ⌧   cµ )
Cµ  =  ˜d (     µ⌧   cµ ) + 2 ˜⇥, (µ    µ⌧ )
Cµ⌧ =  ˜d(µ⌧ + cµ    µ  ⌧ ( ⌧   µ ) . (16)
Here primes enote d/dz, where z is the direction trans-
verse to the bubble wall, vw is the wall velocity, m  =
(m2 + |⌘|2S2)1/2 is the magnitude of the field-dependent
  mass and thermal functions Ki,j ⌘ Ki(mj/T ) are de-
fined in [48].
The reaction rates appearing in (14) depend primarily
upon the (inverse) decay rates for   ! L⌧  and on the
scattering processes shown i fig. 3. These are the domi-
nan r actions because of infrared enhancement whe the
in mediate particle excha ged in the t-ch nnel goes on
shell, as described in appendic s B and C. The tild s de-
note a particular normalization of the rates (see eq. (D7)
and following eq. (E5))) that are convenient for v rify-
ing conserved quantities; in the present case total lepton
number n  + n⌧ which is conserved by the L¯⌧   inter-
a tion.  ˜hf is the rat of helicity-flipping scatterings due
to the diagram of fig. 3(a) with the   mass insertion.  ˜⇥
is the rate of  L¯⌧ !  ⇤L⌧ scatterings via mass insertion
of the internal   shown in fig. 3(c).  ˜el,i is the elastic
scattering rate for particle i and  ˜d is the (inverse) decay
rate   ! L⌧ . Details of the computations of the elas-
tic and helicity-flipping rates are given in appe dices B
and C.
The deviation of the coe cient c from unity quantifies
the probability of helicity reversal of   in a decay process
due to its thermal motion. It is crucial for the mechanism
that c > 0 since otherwise there would be no net produc-
tion of µ⌧ from the (inverse) decays, as needed to bias
the sphalerons. However as discussed in appendix D, we
re far from the r gime w r c would be sm ll en ugh
to significantly suppress th baryon asymmetry.
Finally, Sh  is the s miclassi al ource, which was first
derived in [47, 49] in the 1D-case and in [50] for 3D.
However, these works give the source in a par icular spin-
eigenstate ba is, while here we find it more convenient to
work in terms of, helicity eigenstates, defi ed in the wall
rest frame. We derive the correct source in the helicity
basis in appendix E. The result is,
Sh  = vw
⇣
 Kh8 (m2 ✓0)0 +Kh9 ✓0m2 m2 0
⌘
, (17)
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FIG. 3: Dominant infrared-sensitive processes governing elas-
tic and helicity flipping scattering rates. The lines marked
with (x) indicate possible helicity flips of the   that enter
into the rate  hf . Thes are computed in t e ele troweak
symmetric phase in front of the wall, neglecting hypercharge
interactions.
critical bubble determined in [44]. The former is thinner
than the latter, but still & 6/T , justifying the semiclas-
sical approach to computing the baryon asymmetry that
we employ below. An example of the wall path in field
space, a d its spatial profile, s shown in fig. 2.
To maintain consistency with our adoption of the Z2
symmetric tree-level potential, we can set Re(⌘m ) =
0. This corresponds to taking a CP-conserving coupling
of S o  , wher S ransforms as a pseudoscal r. In
a realistic tr atmen , there sho ld be some breaking of
the Z2 sy metry; therwise equal and opposite baryon
asym e ies are produc d from neighboring regions of
the universe starting from false vacua with S > 0 or
S < 0, leading to a net vanishing asymmetry. However a
small breaking to remove the degeneracy is su cient to
dilute away any regions in the higher-energy vacuum by
the evolution of domain walls, and should not change our
estimate of the baryon asymmetry in a significant way, as
long as the domain walls formed when S condenses have
time to move aw y before tun eling to the electroweak
sy metry breaking vacu occ rs.
4. BARYON ASYMMETRY
To compute the chemical potentials that induce baryon
violation, we use the first-order di↵usion equations for the
chemical potential µi and velocity perturbations ui for
i =  ,  , L⌧ 2, following the method introduced for the
MSSM in ref. [47], which was refined by [48]. Here µ 
is the potential for negative minus positive helicity  ’s.
In the limi m  ! 0, the positive and negativ helicity
s ates would correspond to t e particle and antiparticle
states f the massless fermion. With m  > 0, th is no
distinction between particle and antiparticle, but there
is still approximate conservation of the helicities, whose
damping by mass e↵ects will be taken into account in the
Boltzmann equations. Following the notation of ref. [48],
2 uL has dimension of mass, and is prop rtional to the actual
velocity perturbation
the ensuing fluid equations can be concisely written as
A 
✓
µ0 
u0 
◆
= C    vwm2 0
✓
K2, µ 
K6, u 
◆
+
✓
0
Sh 
◆
Ai
✓
µ0i
u0i
◆
= Ci, for i =  , ⌧ (14)
whe e the coe cient matrices Ai and the collision factors
Ci are given by
Ai ⌘
✓
vwK1,i
 K4,i
1
vwK5,i
◆
, Ci ⌘
✓
Cµi
  ˜el,i ui
◆
, (15)
with
Cµ  = 2 ˜hf µ  + 2 ˜d (µ  + cµ⌧   cµ )
=  ˜d (µ  µ⌧   cµ ) + 2 ˜⇥, (µ    µ⌧ )
µ
⌧ =  ˜d(µ⌧ + cµ    µ ) + 2 ˜⇥,⌧ (µ⌧   µ ) . (16)
Here primes denote d/dz, where z is the direction trans-
verse to the bubble wall, vw is the wall velocity, m  =
(m2 + |⌘|2S2)1/2 is the magnitude of the field-dependent
  mass a d thermal functions Ki,j ⌘ Ki(mj/T ) are de-
fined in [48].
The reaction rates appearing in (14) depend primarily
upon th (inverse) d cay rates for   ! L⌧  and on the
scattering processes shown in fig. 3. These are the domi-
nant reactions because of infrared enhancement when the
intermediate particle exchanged in the t-channel goes on
shell, as described in appendices B and C. The ildes de-
note a particular normalization of the rates (see eq. (D7)
and following eq. (E5))) that are convenient for verify-
ing conserved quantities; in the presen case otal l pton
number n  + n⌧ which is conserved by the L¯⌧   inter-
action.  ˜hf is the rate of hel city-fli ping scatterings due
to the diagram of fig. 3(a) with the   mass insertion.  ˜⇥
is the rate of  L¯⌧ !  ⇤L⌧ scatterings via mass insertion
of the internal   shown in fig. 3(c).  ˜el,i is the elastic
scattering rate for particle i and  ˜d is the (inverse) decay
rate   ! L⌧ . Details of the computations of th el s-
tic and helicity-flipping rates are given in appendices B
and C.
The deviation of the coe cient c from unity quantifies
the probability of helicity reversal of   in a decay process
due to its thermal motion. It is crucial for the mechanism
that c > 0 since otherwise there would be no net produc-
tion of µ⌧ from the (inverse) decays, as needed to bias
the sphalerons. However as discussed in appendix D, we
are far from the regime where c wo ld be small ough
to significantly supp ss th baryon asymmetry.
Finally, Sh  is the semiclassical source, which was firs
derived in [47, 49] in the 1D-case and in [50] for 3D.
However, these works give the source in a particular spin-
eigenstate basis, while here we find it more convenient to
work in terms of, helicity eigenstates, defined in the wall
rest frame. We derive the correct source in the helicity
basis in appendix E. The result is,
Sh  = vw
⇣
 Kh8 (m2 ✓0)0 +Kh9 ✓0m2 m2 0
⌘
, (17)
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FIG. 14: Left: co tours of the thermally averaged, suitably scaled   decay rate 103 d/y
2T as a function of m /T and m /T .
Right: contours of the   helicity-flip factor c, eq. (D6).
with k0 on shell, e.g.,
hXi± ⌘ 1
N 
Z
d4kX(k0; ki) ✓(±k0)
⇥ |2k0|  
 
k20   !20 + hsih
m2 ✓
0
k0k
!
⇡ 1
N 
Z
d3kX
 
!0 ⌥ hsih
m2 ✓
0
2!0!0k
; ki
!
⇡ hX(!0; ki)i ⌥ hsihm2 ✓0
⌧
X 0(!0; ki)
2!0!0k
 
,(E4)
where N  is a normalization factor, X 0 ⌘ dX/d!0 and
!20 = k
2 + m2 . This is the reason why also the CP-
even part of the force (E1) gives rise to a CP-odd source
(the Kh9 -source below). Working to leading order in gra-
dients, one eventually finds the r sult (17) in the main
text, where
Kh8 (x) =
⌧
k2zf
0
0
2!0!20k|k|
 
Kh9 (x) =
⌧
k2z
4!20!
2
0k|k|
✓
f 00
!0
  f 000
◆ 
, (E5)
with f 00 = df0(!0)/d!0 and N  ⌘
R
d3kf 00(m = 0). The
functions Kh8,9 di↵er from those derived from the S
s
 -
source, given in [48], but in practice the di↵erence be-
tween the helicity-basis and spin-basis sources is small.
The e↵ect is shown in fig. 15 for our b nchmark case. For
comparison, we show the change in the helicity source
due to adopting a straight line approximation between
the Tn-minima in the field space.
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FIG. 6: The di↵erential baryon asymmetry versus distance
from wall, d(⌘B/⌘obs)/du for our benchmark model, where
u is a nonlinearly rescaled variable designed to optimize the
grid used for solving the fluid equations via relaxation. The
center of the wall (z = 0) is at u = 0 and z ! ±1 as u! ±1.
Some physical distances are indicated by dashed lines in units
of the wall thickness Lw.
and m  < 130GeV is the model excluded, while for
m  ⇠= 40GeV and m  < 170GeV, the allowed produc-
tion cross section is less than a factor of 2 greater than
the predicted one. CMS limits from Run 1 are compa-
rable [55]. Fo ou b nchm k values we have chosen
 
⇠= 50GeV, m  ⇠= 120GeV which should be probed
during Run 2 of the LHC. Related analyses from Run 2
[56, 57] focus o pair production of charginos decaying
to ⌧˜ rather than direct production of ⌧˜ and so are not
directly applicable to our model.
Stau s arches at LEP have ruled out lighter values of
m  . 90GeV form  . 80GeV [58]. We avoid this region
by restricting m  > 100GeV in our scans.
Although we work primarily in the limit of no mixing
of S with the Higgs boson, it was pointed out that this
cannot be exactly true. In the presence of small mixing
✓hs, even though the decay channel h! SS is kinemat-
ically blocked, the invisible decay h !   ¯ is possible,
with rate
 inv =
⌘2✓2hsmh
16⇡
 
1  4m
2
 
m2h
!3/2
(20)
Demanding that the invisible branching ratio not exceed
30% leads to the constraint ✓hs < 0.15 for our benchmark
parameters.
6. DARK MATTER CONSTRAINTS
6.1. Relic density
Because of the Z2 symmetry under which  !    and
  !   , the lighter of the two of these particles is a
stable dark matter candidate. Since   would have a very
large scattering cross section on nuclei through its weak
interactions, it is preferable to assume m  < m  so that
  is the dark matter.
The possible annihilation channels for   are    !
L⌧ L¯⌧ and    ! SS. Both are p-wave suppressed. We
find that the respective cross sections at lowest order in
relative velocity are given by
h vi⌧⌧¯ =
y4m (m4  +m
4
 )T
4⇡ (m2  +m
2
 )
4
⌘  0,⌧⌧
x
(21)
h viss =
⌘4 (m2   m2s)5/2 T
4⇡ (m2s   2m2 )4
⌘  0,ss
x
(22)
The relative velocity is v2 = (s  4m2 )/m2  and its ther-
mal average is hv2i = 6T/m  = 6/x. Our scans of pa-
rameter space favor m  < mS so that the    ! SS
channel is blocked, hence we focus on annihilations to
⌧+⌧  + ⌫¯⌧⌫⌧ .
Using the analytic approximation of ref. [59], we find a
correlation between the relic density and y shown in fig. 8.
Varying parameters in the ranges (31), we find that 0.6 .
y . 0.75 can be compatible with the observed value.
Also, larger m  correlates with larger DM-abundance, as
expected from Eq. (21).
6.2. Direct detection
In the idealized limit of S !  S symmetry that we
have considered, there are no interactions of   with nu-
clei at tree level. But as remarked previously, in a re-
alistic model it is necessary to break this symmetry to
some extent, to prevent the universe from consisting of
cancelling domains in which the BAU has the same mag-
nitude but opposite signs. The most natural way this
could come about is if the coupling of   to S is no longer
pure pseudoscalar but takes the form
S ¯(⌘0 + i⌘ 5)  (23)
since a   loop will then induce a tadpole for S propor-
tional to ⌘0, leading to a VEV for S at zero tempera-
ture. The VEV implies mixing of S with the Higgs bo-
son, hence interactions with nuclei, as indicated in fig. 7
(left). If the mixing angle is denoted by ✓hs ⌧ 1, the
cross section on nucleons is
  N =
1
⇡
✓
✓hs⌘0yNµ N(m2h  m2s)
m2hm
2
s
◆2
(24)
where µ N is the reduced mass and yN ⇠= 0.3mN/v is
the Higgs coupling to nucleons with v = 246GeV 3. The
3 We omit the contribution proportional to ⌘2 which is velocity-
suppressed because of the  5 in the  ¯ S vertex, that conse-
quently gives a very small cross section   N ⇠ 10 51cm2 (taking
m  ⇠ 50GeV and mS ⇠ 100GeV), well below the current LUX
bound, even for large mixing angle.
5
m  m   m y |⌘| ms wc wn vc vn Tc Tn vn/Tn LwTn |⌘B |/⌘B,obs ⌦dmh2
example 55.7 122.4 0.68 0.66 0.42 132.2 91.1 117.7 79.7 125.9 127.9 116.1 1.08 6.8 0.85 0.11
average 50.5 117.0 0.68 0.56 0.40 129.4 98.8 117.1 94.2 133.0 124.7 113.5 1.18 5.9 1.32 0.36
std. dev. 5.3 10.3 0.12 0.14 0.17 12.6 10.2 12.2 9.4 10.8 2.3 4.2 0.15 0.8 2.13 0.39
TABLE I: First line: parameters for a benchmark model for succesful baryogenesis and observed DM abundance. Lower lines:
mean and standard deviation of parameters from 600 random models with BAU and DM relic density of the right order of
magnitude. Units are GeV for all dimensionful parameters. Subscript n refers to quantities at the nucleation temperature.
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FIG. 4: Solution to di↵usion equations for our benchmark
model defined in Table 1.
where the thermal integrals Kh8,9(m  T ) are given in ap-
pendix E. An example of a solution of the fluid equations
(14) for the chemical potentials is shown in fig. 4.
Once µ⌧ is known, the baryon-to-entropy ratio can be
comput d as
⌘B =
405 sph
4⇡2 vw g⇤T
Z 1
 1
dz µ⌧ fsph e
 ⌫z (18)
where
fsph = mi
✓
1,
2.4T
 sph
e 40 v(z)/T
◆
(19)
modulates the baryon violation rate to account f the
local Higgs field VEV [4] and ⌫ = 45 sph/(4vw) accounts
f r washout of the aryo asymmetry in front of t e wall,
if it is very slowly moving. The sphaleron rate is  sph =
1.0 ⇥ 10 6 T . Fig. 6 shows the di↵erential asymmetry
generated around the wall corresponding to equation (18)
for our benchmark model.
The computation of t e wall velocity vw is di cult
[51, 52] and beyond the scope of this preliminary study,
but for typical v lues vw ⇠ 0.1 our predictions are rather
insensitive to it since the 1/vw factor in (18) is largely
cancelled by the vw prefactor in the source term (17).
This is evident in fig. 5 where we show the dependence of
the baryon a ymmetry on v for the benchmark model
from Table I. As expected, it goes to zero both for very
small vw ⇠ 10 4 (due to the e ⌫z factor in eq. (18)) and
at very large vw, close to the sound velocity 1/
p
3, where
0 0.2 0.4 0.6
v
w
0
0.2
0.4
0.6
0.8
1
B
/
B
,o
b
s
10-4 10-2 100
v
w
0
0.2
0.4
0.6
0.8
1
B
/
B
,o
b
s
FIG. 5: The baryon asymmetry as a function of the wall
velocity vw for our benchmark model (see Table I). The right
plot is the same as the left one, but using a logarithmic scale.
the wall becomes a detonation, and baryogenesis is sup-
pressed by the inability of particles to di↵use away from
the wall. Between these extremes, there is a wide plateau
at vw ⇠ 0.1   0.4, where ⌘B is only mildly sensitive to
vw and it turns out that the situation is the same for
other parameter sets as well. This is what motivated our
assumed value for vw.
A concern for any scenario relying upon very strongly
first order transitions is that they tend to lead to faster
moving walls. Ref. [53] has studied this in the context
of two-field transitions such as we utilize and shown that
vw is a monotonically increasing function of vn/Tn, the
strength of the phase transition at the nucleation tem-
perature. However the exact value depends upon many
parameters, only a few of which are covered in ref. [53].
Most importantly vw strongly depends upon the friction
of the wall due to its interactions with particles in the
plasma. Our model has significant new sources of such
friction with sizable couplings, through the yL¯⌧   and
i⌘ ¯ 5S⌘ interactions. We leave a more detailed investi-
gation of vw in this model for future study.
5. COLLIDER CONSTRAINTS
The main particle physics constraint on our model
is from the Drell-Yan production of the charged Higgs
bosons from the inert doublet  , followed by their de-
cay into ⌧ and  , i.e., missing energy. This is the same
signature as from pair roduction of ⌧˜ sleptons in the
MSSM, so we can directly apply such limits, since the
production cross sections for ⌧˜L pairs is the same as
for  ±. ATLAS has set limits from Run 1 which are
not yet very constraining [54]. Only for m  . 20GeV
where
and (model specific) collision terms are
and the s urce
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FIG. 3: Dominant infrared-sensitive processes governing elas-
tic and helicity flipping scattering rates. The lines marked
with (x) indicate possible helicity flips of the   that enter
into the rate  hf . These are computed in the electroweak
symmetric phase in front of the wall, neglecting hypercharge
interactions.
critical bubble determined in [44]. The former is thinner
than the latter, but still & 6/T , justifying the semiclas-
sical approach to computing the baryon asymmetry that
we employ below. An example of the wall path in field
space, and its spatial profile, is shown in fig. 2.
To maintain consistency with our adoption of the Z2
symmetric tree-level potential, we can set Re(⌘m ) =
0. This corresponds to taking a CP-conserving coupling
of S to  , where S transforms as a pseudoscalar. In
a realistic treatment, there should be some breaking of
the Z2 symmetry; otherwise equal and opposite baryon
asymmetries are produced from neighboring regions of
the universe starting from false vacua with S > 0 or
S < 0, leading to a net vanishing asymmetry. However a
small breaking to remove the degeneracy is su cient to
dilute away any regions in the higher-energy vacuum by
the evolution of domain walls, and should not change our
estimate of the baryon asymmetry in a significant way, as
long as the domain walls formed when S condenses have
time to move away before tunneling to the electroweak
symmetry breaking vacuum occurs.
4. BARYON ASYMMETRY
To compute the chemi l potentials that induce b ryon
violation, we use the first-order di↵usion equations for the
chemical potential µi and velocity perturbations ui for
i =  ,  , L⌧ 2, following the method introduced for the
MSSM in ref. [47], which was refined by [48]. Here µ 
is the potential for negative minus positive helicity  ’s.
In the limit m  ! 0, the positive and negative helicity
states would correspond to the particle and antiparticle
states of the mass ess fermion. With m  > 0, there is no
distin tion between par icle and a tiparticle, but there
is still approximate conservation of the helicities, whose
damping by mass e↵ects will be taken into account in the
Boltzmann equations. Following the notation of ref. [48],
2 uL has dimensions of mass, and is proportional to the actual
velocity perturbation
the ensuing fluid equations can be concisely written as
A 
✓
µ0 
u0 
◆
= C    vwm2 0
✓
K2, µ 
K6, u 
◆
+
✓
0
Sh 
◆
Ai
✓
µ0i
u0i
◆
= Ci, for i =  , ⌧ (14)
where the coe cient matrices Ai and the collision factors
Ci are given by
Ai ⌘
✓
vwK1,i
 K4,i
1
vwK5,i
◆
, Ci ⌘
✓
Cµi
  ˜el,i ui
◆
, (15)
with
Cµ  = 2 ˜hf µ  + 2 ˜d (µ  + cµ⌧   cµ )
Cµ  =  ˜d (µ    µ⌧   cµ ) + 2 ˜⇥, (µ    µ⌧ )
Cµ⌧ =  ˜d(µ⌧ + cµ    µ ) + 2 ˜⇥,⌧ (µ⌧   µ ) . (16)
Here primes denote d/dz, where z is the direction trans-
verse to the bubble wall, vw is the wall velocity, m  =
(m2 + |⌘|2S2)1/2 is the magnitude of the field-dependent
  mass and thermal functions Ki,j ⌘ Ki(mj/T ) are de-
fined in [48].
The reaction rates appearing in (14) depend primarily
upon the (inverse) decay rates for   ! L⌧  and on the
scattering processes shown in fig. 3. These are the domi-
nant reactions because of infrared enhancement when the
intermediate particle exchanged in the t-channel goes on
shell, as described in appendices B and C. The tildes de-
note a particular normalization of the rates (see eq. (D7)
and following eq. (E5))) that are convenient for verify-
ing conserved quantities; in the present case total lepton
number n  + n⌧ which is conserved by the L¯⌧   inter-
action.  ˜hf is the rate of helicity-flipping scatterings due
to the diagram of fig. 3(a) with the   mass insertion.  ˜⇥
is the rate of  L¯⌧ !  ⇤L⌧ scatterings via mass insertion
of the internal   shown in fig. 3(c).  ˜el,i is the elastic
scattering rate for particle i and  ˜d is the (inverse) decay
rate   ! L⌧ . Details of the comp tations of the elas-
tic and helicity-flipping rates are given in appendices B
and C.
The deviation of the coe cient c from unity quantifies
t probability of helicity revers l of   in a decay pr cess
due to its thermal motion. It is crucial for the mechanism
that c > 0 since other ise there would be no net produc-
tion of µ⌧ from the (inverse) decays, as needed to bias
the sphalerons. However as discussed in appendix D, we
are far from the regime where c would be small enough
to significantly suppress the baryon asymmetry.
Finally, Sh  is the semiclassical source, which was first
derived in [47, 49] in the 1D-case and in [50] for 3D.
However, these works give the source in a particular spin-
eig nstate ba is, while here we find it more conven e t to
work in terms of, helicity eigenstates, defined in the wall
rest fra e. We derive the correct source in the helicity
basis in appendix E. The result is,
Sh  = vw
⇣
 Kh8 (m2 ✓0)0 +Kh9 ✓0m2 m2 0
⌘
, (17)
with ki m tic funct ons:
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FIG. 14: Left: ontours of the thermally averaged, suitably scaled   decay rate 103 d/y
2T as a function of m /T and m /T .
Right: contours of the   heli ity-fli factor c, eq. (D6).
with k0 on shell, e.g.,
hXi± ⌘ 1
N 
Z
d4kX(k0; ki) ✓(±k0)
⇥ |2k0|  
 
k20   !20 + hsih
m2 ✓
0
k0k
!
⇡ 1
N 
Z
d3kX
 
!0 ⌥ hsih
m2 ✓
0
2!0!0k
; ki
!
⇡ hX(!0; ki)i ⌥ hsihm2 ✓0
⌧
X 0(!0; ki)
2!0!0k
 
,(E4)
where N  i a n rmalization fact r, X 0 ⌘ dX/d!0 and
!20 = k
2 + m2 . This is the reason why also the CP-
even part of the force (E1) gives rise to a CP-odd source
(the Kh9 -source below). Working to leading order in gra-
di nts, one eventually finds the result (17) in the main
text, where
Kh8 (x) =
⌧
k2zf
0
0
2!0!20k|k|
 
Kh9 (x) =
⌧
k2z
4!20!
2
0k|k|
✓
f 00
!0
  f 000
◆ 
, (E5)
with f 00 = df0(!0)/d!0 and N  ⌘
R
d3k 00(m = 0). The
functions Kh8,9 di↵er from those derived from the S
s
 -
source, given in [48], but in practice the di↵ere ce be-
tw en the helicity-basis and spin-basis sourc s is small.
The e↵ect is shown in fig. 15 for our benchmark case. For
comparison, we show the change in the helicity source
due to adopting a straight line approximation between
the Tn-minima in the field space.
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FIG. 3: Dominant infrared-sensitive processes governing elas-
tic and helicity flipping scattering rates. The lines marked
with (x) indicate possible helicity flips of the   that enter
into the rate  hf . These are computed in the electroweak
symmetric phase in front of the wall, neglecting hypercharge
interactions.
critical bubble determined in [44]. The former is thinner
than the latter, but still & 6/T , justifying the semiclas-
sical approach to computing the baryon asymmetry that
we employ below. An example of the wall path in field
space, and its spatial profile, is shown in fig. 2.
To maintain consistency with our adoption of the Z2
symmetric tree-level potential, we can set Re(⌘m ) =
0. This corresponds to taking a CP-conserving coupling
of S to  , where S transforms as a pseudoscalar. In
a realistic treatment, there should be some breaking of
the Z2 symmetry; otherwise equal and opposite baryon
asymmetries are produced from neighboring regions of
the universe starting from false vacua with S > 0 or
S < 0, leading to a net vanishing asymmetry. However a
small breaking to remove the degeneracy is su cient to
dilute away any regions in the higher-energy vacuum by
the evolution of domain walls, and should not change our
estimate of the baryon asymmetry in a significant way, as
long as the domain walls formed when S condenses have
time to move away before tunneling to the electroweak
symmetry breaking vacuum occurs.
4. BARYON ASYMMETRY
To compute the chemical potentials that induce baryon
violation, we use the first-order di↵usion equations for the
chemical potential µi and velocity perturbations ui for
i =  ,  , L⌧ 2, following the method introduced for the
MSSM in ref. [47], which was refined by [48]. Here µ 
is the potential for negative minus positive helicity  ’s.
In the limit m  ! 0, the positive and negative helicity
states would correspond to the particle and antiparticle
states of the massless fermion. With m  > 0, there is no
distinction between particle and antiparticle, but there
is still approximate conservation of the helicities, whose
damping by mass e↵ects will be taken into account in the
Boltzmann equations. Following the notation of ref. [48],
2 uL has dimensions of mass, and is proportional to the actual
velocity perturbation
the ensuing fluid equations can be concisely written as
A 
✓
µ0 
u0 
◆
= C    vwm2 0
✓
K2, µ 
K6, u 
◆
+
✓
0
Sh 
◆
Ai
✓
µ0i
u0i
◆
= Ci, for i =  , ⌧ (14)
where the coe cient matrices Ai and the collision factors
Ci are given by
Ai ⌘
✓
vwK1,i
 K4,i
1
vwK5,i
◆
, Ci ⌘
✓
Cµi
  ˜el,i ui
◆
, (15)
with
Cµ  = 2 ˜hf µ  + 2 ˜d (µ  + cµ⌧   cµ )
Cµ  =  ˜d (µ    µ⌧   cµ ) + 2 ˜⇥, (µ    µ⌧ )
Cµ⌧ =  ˜d(µ⌧ + cµ    µ ) + 2 ˜⇥,⌧ (µ⌧   µ ) . (16)
Here primes denote d/dz, where z is the direction trans-
verse to the bubble wall, vw is the wall velocity, m  =
(m2 + |⌘|2S2)1/2 is the magnitude of the field-dependent
  mass and thermal functions Ki,j ⌘ Ki(mj/T ) are de-
fined in [48].
The reaction rates appearing in (14) depend primarily
upon the (inverse) decay rates for   ! L⌧  and on the
scattering processes shown in fig. 3. These are the domi-
nant reactions because of infrared enhancement when the
intermediate particle exchanged in the t-channel goes on
shell, as described in appendices B and C. The tildes de-
note a particular normalization of the rates (see eq. ( 7)
and following eq. (E5))) that are convenient for erify-
ing conserved quantities; in the present case total lepton
number n  + n⌧ which is conserved by the L¯⌧   inter-
action.  ˜hf is the rate of helicity-flipping scatterings due
to the diagram of fig. 3(a) with the   mass i sertion.  ˜⇥
is the rate of  L¯⌧ !  ⇤L⌧ scatterings via mass inserti n
of the internal   shown in fig. 3(c).  ˜el,i is the elastic
scattering rate for particle i and  ˜d is the (inverse) decay
rate   ! L⌧ . Details of the computations of the elas-
tic and helicity-flipping rates are given in appendices B
and C.
The deviation of the coe cient c from unity quantifies
the probability of helicity reversal of   in a dec y process
due to its thermal motion. It is crucial for the mechanism
that c > 0 since otherwise there would be no net produc-
tion of µ⌧ from the (inverse) decays, as needed to bias
the sphalerons. However as discussed in appendix D, we
are far from the regime where c would be small enough
to significantly suppress the baryon asymmetry.
Finally, Sh  is the semiclassical source, which was first
derived in [47, 49] in the 1D-case and in [50] for 3D.
However, these works give the source in a particular spin-
eigenstate basis, while here we find it more convenient to
work in terms of, helicity eigenstates, defined in the wall
rest frame. We derive the correct source in the helicity
basis in appendix E. The result is,
Sh  = vw
⇣
 Kh8 (m2 ✓0)0 +Kh9 ✓0m2 m2 0
⌘
, (17)
4
τ
τ
φ
φ
χ
φ*τ
τφ
x χ
χ
τ
χφ
φ
(x)
(a) (b) (c)
FIG. 3: Dominant infrared-sensitive processes governing elas-
tic and helicity flipping scatt ring rates. Th lines marked
with (x) indicate possible helicity flips of the   that enter
into the rate  hf . These are computed in the electroweak
symmetric phase in front of the wall, neglecting hypercharge
interactions.
critical bubble determined in [44]. The former is thinner
than the latter, but still & 6/T , justifying the semiclas-
sical approach to computing the baryon asymmetry that
we employ below. An example of the wall path in field
space, and its spatial profile, is shown in fig. 2.
To maint in consist ncy with our adoption of the Z2
symmetric tree-level potential, we can set Re(⌘m ) =
0. This corresponds to taking a CP-conserving coupling
of S to  , where S transforms as a pseudoscalar. In
a realistic treatment, there should be some breaking of
the Z2 symmetry; otherwise equal and opposite baryon
asymmetries are produced from neighboring regions of
the universe starting from false vacua with S > 0 or
S < 0, leading to a net vanishing asymmetry. However a
small breaking to e ove the degeneracy is su cient to
dilute away ny regio s in the higher-energy vacuum by
the evolution of d main walls, and should not hange our
estimate of the baryo asymmetry i a signifi ant wa , as
long as the do ai lls formed when S condenses have
time to move away before tunneling to the electroweak
symmetry breaking vacuum occurs.
4. BARYON ASYMMETRY
To compute the chemical potentials that induce baryon
violation, we use the first-order di↵usion equations for the
chemical potential µi and velocity perturbations ui for
i =  ,  , L⌧ 2, following the method introduced for the
MSSM in ref. [47], which was refined by [48]. Here µ 
is the potential for negative minus positive helicity  ’s.
In the limit m  ! 0, the positive and negative helicity
states would correspond to the particle and antiparticle
states of the massless f r ion. With m  > 0, there is no
distinction between particle and antipar cl , but here
is still app oximate c nservation of the helic ties, whose
damping by ma s ↵ects will be taken into account i the
Boltzmann equations. Following the notation of ref. [48],
2 uL has dimensions of mass, and is proportional to the actual
velocity perturbation
the ensuing fluid equations can be concisely written as
A 
✓
µ0 
u0 
◆
= C    vwm2 0
✓
K2, µ 
K6, u 
◆
+
✓
0
Sh 
◆
Ai
✓
µ0i
u0i
◆
= Ci, for i =  , ⌧ (14)
where the coe cient matrices Ai and the collision factors
Ci are given by
Ai ⌘
✓
vwK1,i
 K4,i
1
vwK5,i
◆
, Ci ⌘
✓
Cµi
  ˜el,i ui
◆
, (15)
with
Cµ  = 2 ˜hf µ  + 2 ˜d (µ  + cµ⌧   cµ )
Cµ  =  ˜d (     µ⌧   cµ ) + 2 ˜⇥, (µ    µ⌧ )
Cµ⌧ =  ˜d(µ⌧ + cµ    µ  ⌧ ( ⌧   µ ) . (16)
Here primes enote d/dz, where z is the direction trans-
verse to the bubble wall, vw is the wall velocity, m  =
(m2 + |⌘|2S2)1/2 is the magnitude of the field-dependent
  mass and thermal functions Ki,j ⌘ Ki(mj/T ) are de-
fined in [48].
The reaction rates appearing in (14) depend primarily
upon the (inverse) decay rates for   ! L⌧  and on the
scattering processes shown i fig. 3. These are the domi-
nan r actions because of infrared enhancement whe the
in mediate particle excha ged in the t-ch nnel goes on
shell, as described in appendic s B and C. The tild s de-
note a particular normalization of the rates (see eq. (D7)
and following eq. (E5))) that are convenient for v rify-
ing conserved quantities; in the present case total lepton
number n  + n⌧ which is conserved by the L¯⌧   inter-
a tion.  ˜hf is the rat of helicity-flipping scatterings due
to the diagram of fig. 3(a) with the   mass insertion.  ˜⇥
is the rate of  L¯⌧ !  ⇤L⌧ scatterings via mass insertion
of the internal   shown in fig. 3(c).  ˜el,i is the elastic
scattering rate for particle i and  ˜d is the (inverse) decay
rate   ! L⌧ . Details of the computations of the elas-
tic and helicity-flipping rates are given in appe dices B
and C.
The deviation of the coe cient c from unity quantifies
the probability of helicity reversal of   in a decay process
due to its thermal motion. It is crucial for the mechanism
that c > 0 since otherwise there would be no net produc-
tion of µ⌧ from the (inverse) decays, as needed to bias
the sphalerons. However as discussed in appendix D, we
re far from the r gime w r c would be sm ll en ugh
to significantly suppress th baryon asymmetry.
Finally, Sh  is the s miclassi al ource, which was first
derived in [47, 49] in the 1D-case and in [50] for 3D.
However, these works give the source in a par icular spin-
eigenstate ba is, while here we find it more convenient to
work in terms of, helicity eigenstates, defi ed in the wall
rest frame. We derive the correct source in the helicity
basis in appendix E. The result is,
Sh  = vw
⇣
 Kh8 (m2 ✓0)0 +Kh9 ✓0m2 m2 0
⌘
, (17)
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FIG. 3: Dominant infrared-sensitive processes governing elas-
tic and helicity flipping scattering rates. The lines marked
with (x) indicate possible helicity flips of the   that enter
into the rate  hf . Thes are computed in t e ele troweak
symmetric phase in front of the wall, neglecting hypercharge
interactions.
critical bubble determined in [44]. The former is thinner
than the latter, but still & 6/T , justifying the semiclas-
sical approach to computing the baryon asymmetry that
we employ below. An example of the wall path in field
space, a d its spatial profile, s shown in fig. 2.
To maintain consistency with our adoption of the Z2
symmetric tree-level potential, we can set Re(⌘m ) =
0. This corresponds to taking a CP-conserving coupling
of S o  , wher S ransforms as a pseudoscal r. In
a realistic tr atmen , there sho ld be some breaking of
the Z2 sy metry; therwise equal and opposite baryon
asym e ies are produc d from neighboring regions of
the universe starting from false vacua with S > 0 or
S < 0, leading to a net vanishing asymmetry. However a
small breaking to remove the degeneracy is su cient to
dilute away any regions in the higher-energy vacuum by
the evolution of domain walls, and should not change our
estimate of the baryon asymmetry in a significant way, as
long as the domain walls formed when S condenses have
time to move aw y before tun eling to the electroweak
sy metry breaking vacu occ rs.
4. BARYON ASYMMETRY
To compute the chemical potentials that induce baryon
violation, we use the first-order di↵usion equations for the
chemical potential µi and velocity perturbations ui for
i =  ,  , L⌧ 2, following the method introduced for the
MSSM in ref. [47], which was refined by [48]. Here µ 
is the potential for negative minus positive helicity  ’s.
In the limi m  ! 0, the positive and negativ helicity
s ates would correspond to t e particle and antiparticle
states f the massless fermion. With m  > 0, th is no
distinction between particle and antiparticle, but there
is still approximate conservation of the helicities, whose
damping by mass e↵ects will be taken into account in the
Boltzmann equations. Following the notation of ref. [48],
2 uL has dimension of mass, and is prop rtional to the actual
velocity perturbation
the ensuing fluid equations can be concisely written as
A 
✓
µ0 
u0 
◆
= C    vwm2 0
✓
K2, µ 
K6, u 
◆
+
✓
0
Sh 
◆
Ai
✓
µ0i
u0i
◆
= Ci, for i =  , ⌧ (14)
whe e the coe cient matrices Ai and the collision factors
Ci are given by
Ai ⌘
✓
vwK1,i
 K4,i
1
vwK5,i
◆
, Ci ⌘
✓
Cµi
  ˜el,i ui
◆
, (15)
with
Cµ  = 2 ˜hf µ  + 2 ˜d (µ  + cµ⌧   cµ )
=  ˜d (µ  µ⌧   cµ ) + 2 ˜⇥, (µ    µ⌧ )
µ
⌧ =  ˜d(µ⌧ + cµ    µ ) + 2 ˜⇥,⌧ (µ⌧   µ ) . (16)
Here primes denote d/dz, where z is the direction trans-
verse to the bubble wall, vw is the wall velocity, m  =
(m2 + |⌘|2S2)1/2 is the magnitude of the field-dependent
  mass a d thermal functions Ki,j ⌘ Ki(mj/T ) are de-
fined in [48].
The reaction rates appearing in (14) depend primarily
upon th (inverse) d cay rates for   ! L⌧  and on the
scattering processes shown in fig. 3. These are the domi-
nant reactions because of infrared enhancement when the
intermediate particle exchanged in the t-channel goes on
shell, as described in appendices B and C. The ildes de-
note a particular normalization of the rates (see eq. (D7)
and following eq. (E5))) that are convenient for verify-
ing conserved quantities; in the presen case otal l pton
number n  + n⌧ which is conserved by the L¯⌧   inter-
action.  ˜hf is the rate of hel city-fli ping scatterings due
to the diagram of fig. 3(a) with the   mass insertion.  ˜⇥
is the rate of  L¯⌧ !  ⇤L⌧ scatterings via mass insertion
of the internal   shown in fig. 3(c).  ˜el,i is the elastic
scattering rate for particle i and  ˜d is the (inverse) decay
rate   ! L⌧ . Details of the computations of th el s-
tic and helicity-flipping rates are given in appendices B
and C.
The deviation of the coe cient c from unity quantifies
the probability of helicity reversal of   in a decay process
due to its thermal motion. It is crucial for the mechanism
that c > 0 since otherwise there would be no net produc-
tion of µ⌧ from the (inverse) decays, as needed to bias
the sphalerons. However as discussed in appendix D, we
are far from the regime where c wo ld be small ough
to significantly supp ss th baryon asymmetry.
Finally, Sh  is the semiclassical source, which was firs
derived in [47, 49] in the 1D-case and in [50] for 3D.
However, these works give the source in a particular spin-
eigenstate basis, while here we find it more convenient to
work in terms of, helicity eigenstates, defined in the wall
rest frame. We derive the correct source in the helicity
basis in appendix E. The result is,
Sh  = vw
⇣
 Kh8 (m2 ✓0)0 +Kh9 ✓0m2 m2 0
⌘
, (17)
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FIG. 14: Left: co tours of the thermally averaged, suitably scaled   decay rate 103 d/y
2T as a function of m /T and m /T .
Right: contours of the   helicity-flip factor c, eq. (D6).
with k0 on shell, e.g.,
hXi± ⌘ 1
N 
Z
d4kX(k0; ki) ✓(±k0)
⇥ |2k0|  
 
k20   !20 + hsih
m2 ✓
0
k0k
!
⇡ 1
N 
Z
d3kX
 
!0 ⌥ hsih
m2 ✓
0
2!0!0k
; ki
!
⇡ hX(!0; ki)i ⌥ hsihm2 ✓0
⌧
X 0(!0; ki)
2!0!0k
 
,(E4)
where N  is a normalization factor, X 0 ⌘ dX/d!0 and
!20 = k
2 + m2 . This is the reason why also the CP-
even part of the force (E1) gives rise to a CP-odd source
(the Kh9 -source below). Working to leading order in gra-
dients, one eventually finds the r sult (17) in the main
text, where
Kh8 (x) =
⌧
k2zf
0
0
2!0!20k|k|
 
Kh9 (x) =
⌧
k2z
4!20!
2
0k|k|
✓
f 00
!0
  f 000
◆ 
, (E5)
with f 00 = df0(!0)/d!0 and N  ⌘
R
d3kf 00(m = 0). The
functions Kh8,9 di↵er from those derived from the S
s
 -
source, given in [48], but in practice the di↵erence be-
tween the helicity-basis and spin-basis sources is small.
The e↵ect is shown in fig. 15 for our b nchmark case. For
comparison, we show the change in the helicity source
due to adopting a straight line approximation between
the Tn-minima in the field space.
[1] S. Liebler, S. Profumo and T. Stefaniak, “Light
Stop Mass Limits from Higgs Rate Measurements
in the MSSM: Is MSSM Electroweak Baryogenesis
Still Alive After All?,” JHEP 1604, 143 (2016)
doi:10.1007/JHEP04(2016)143 [arXiv:1512.09172 [hep-
ph]].
[2] M. Carena, G. N rdini, M. Quiros and C. E. M. Wag-
ner, “MSSM Electroweak Baryogenesis and LHC Data,”
JHEP 1302, 001 (2013) doi:10.1007/JHEP02(2013)001
[arXiv:1207.6330 [hep-ph]].
[3] D. Curtin, P. Jaiswal and P. Meade, “Excluding Elec-
troweak Baryogenesis in the MSSM,” JHEP 1208, 005
(2012) doi:10.1007/JHEP08(2012)005 [arXiv:1203.2932
[hep-ph]].
[4] J. M. Cline, K. Kainulainen and M. Trott, “Elec-
troweak Baryogenesis in Two Higgs Doublet Mod-
els and B meson anomalies,” JHEP 1111, 089
(2011) doi:10.1007/JHEP11(2011)089 [arXiv:1107.3559
[hep-ph]].
[5] A. Haarr, A. Kvellestad nd T. C. P tersen, “Dis-
favouring Electroweak Baryogenesis and a hidden
Higgs in a CP-violating Two-Higgs-Doublet Model,”
arXiv:1611.05757 [hep-ph].
[6] C. W. Chiang, K. Fuyuto and E. Senaha, “Electroweak
Baryogenesis with Lepton Flavor Violation,” Phys. L tt.
B 762, 315 (2016) doi:10.1016/j.physletb.2016.09.052
[arXiv:1607.07316 [hep-ph]].
[7] G. C. Dorsch, S. J. Huber, T. Konstandin and J. M. No,
“A Second Higgs Doublet in the Early Universe: Baryo-
genesis and Gravitational Waves,” arXiv:1611.05874
[hep-ph].
[8] T. Alanne, K. Kainulainen, K. Tuominen and V. Vasko-
nen, “Baryogenesis in the two doublet and inert sin-
glet extension of the Standard Model,” arXiv:1607.03303
[hep-ph].
[9] S. J. Huber, T. Konstandin, T. Prokopec and
M. G. Schmidt, “Electroweak Phase Transition and
Baryogenesis in the nMSSM,” Nucl. Phys. B 757,
172 (2006) doi:10.1016/j. uc phy b.2006.09.003 [hep-
ph/0606298].
[10] K. Cheung, T. J. Hou, J. S. Lee and E. Senaha,
“Singlino-driven Electroweak Baryogenesis in the
Next-to-MSSM,” Phys. Lett. B 710, 188 (2012)
doi:10.1016/j.physletb.2012.02.070 [arXiv:1201.3781
[hep-ph]].
[11] W. Huang, Z. Kang, J. Shu, P. Wu and J. M. Yang,
6
0 0 2 0.4 0.6 0.8 1
u
-4
-3
-2
-1
0
1
(1/
B,
ob
s) 
d
B/
du
| B/ B,obs| = 0.86
2L
w
10L
w
50L
w
200L
w
FIG. 6: The di↵erential baryon asymmetry versus distance
from wall, d(⌘B/⌘obs)/du for our benchmark model, where
u is a nonlinearly rescaled variable designed to optimize the
grid used for solving the fluid equations via relaxation. The
center of the wall (z = 0) is at u = 0 and z ! ±1 as u! ±1.
Some physical distances are indicated by dashed lines in units
of the wall thickness Lw.
and m  < 130GeV is the model excluded, while for
m  ⇠= 40GeV and m  < 170GeV, the allowed produc-
tion cross section is less than a factor of 2 greater than
the predicted one. CMS limits from Run 1 are compa-
rable [55]. Fo ou b nchm k values we have chosen
 
⇠= 50GeV, m  ⇠= 120GeV which should be probed
during Run 2 of the LHC. Related analyses from Run 2
[56, 57] focus o pair production of charginos decaying
to ⌧˜ rather than direct production of ⌧˜ and so are not
directly applicable to our model.
Stau s arches at LEP have ruled out lighter values of
m  . 90GeV form  . 80GeV [58]. We avoid this region
by restricting m  > 100GeV in our scans.
Although we work primarily in the limit of no mixing
of S with the Higgs boson, it was pointed out that this
cannot be exactly true. In the presence of small mixing
✓hs, even though the decay channel h! SS is kinemat-
ically blocked, the invisible decay h !   ¯ is possible,
with rate
 inv =
⌘2✓2hsmh
16⇡
 
1  4m
2
 
m2h
!3/2
(20)
Demanding that the invisible branching ratio not exceed
30% leads to the constraint ✓hs < 0.15 for our benchmark
parameters.
6. DARK MATTER CONSTRAINTS
6.1. Relic density
Because of the Z2 symmetry under which  !    and
  !   , the lighter of the two of these particles is a
stable dark matter candidate. Since   would have a very
large scattering cross section on nuclei through its weak
interactions, it is preferable to assume m  < m  so that
  is the dark matter.
The possible annihilation channels for   are    !
L⌧ L¯⌧ and    ! SS. Both are p-wave suppressed. We
find that the respective cross sections at lowest order in
relative velocity are given by
h vi⌧⌧¯ =
y4m (m4  +m
4
 )T
4⇡ (m2  +m
2
 )
4
⌘  0,⌧⌧
x
(21)
h viss =
⌘4 (m2   m2s)5/2 T
4⇡ (m2s   2m2 )4
⌘  0,ss
x
(22)
The relative velocity is v2 = (s  4m2 )/m2  and its ther-
mal average is hv2i = 6T/m  = 6/x. Our scans of pa-
rameter space favor m  < mS so that the    ! SS
channel is blocked, hence we focus on annihilations to
⌧+⌧  + ⌫¯⌧⌫⌧ .
Using the analytic approximation of ref. [59], we find a
correlation between the relic density and y shown in fig. 8.
Varying parameters in the ranges (31), we find that 0.6 .
y . 0.75 can be compatible with the observed value.
Also, larger m  correlates with larger DM-abundance, as
expected from Eq. (21).
6.2. Direct detection
In the idealized limit of S !  S symmetry that we
have considered, there are no interactions of   with nu-
clei at tree level. But as remarked previously, in a re-
alistic model it is necessary to break this symmetry to
some extent, to prevent the universe from consisting of
cancelling domains in which the BAU has the same mag-
nitude but opposite signs. The most natural way this
could come about is if the coupling of   to S is no longer
pure pseudoscalar but takes the form
S ¯(⌘0 + i⌘ 5)  (23)
since a   loop will then induce a tadpole for S propor-
tional to ⌘0, leading to a VEV for S at zero tempera-
ture. The VEV implies mixing of S with the Higgs bo-
son, hence interactions with nuclei, as indicated in fig. 7
(left). If the mixing angle is denoted by ✓hs ⌧ 1, the
cross section on nucleons is
  N =
1
⇡
✓
✓hs⌘0yNµ N(m2h  m2s)
m2hm
2
s
◆2
(24)
where µ N is the reduced mass and yN ⇠= 0.3mN/v is
the Higgs coupling to nucleons with v = 246GeV 3. The
3 We omit the contribution proportional to ⌘2 which is velocity-
suppressed because of the  5 in the  ¯ S vertex, that conse-
quently gives a very small cross section   N ⇠ 10 51cm2 (taking
m  ⇠ 50GeV and mS ⇠ 100GeV), well below the current LUX
bound, even for large mixing angle.
5
m  m   m y |⌘| ms wc wn vc vn Tc Tn vn/Tn LwTn |⌘B |/⌘B,obs ⌦dmh2
example 55.7 122.4 0.68 0.66 0.42 132.2 91.1 117.7 79.7 125.9 127.9 116.1 1.08 6.8 0.85 0.11
average 50.5 117.0 0.68 0.56 0.40 129.4 98.8 117.1 94.2 133.0 124.7 113.5 1.18 5.9 1.32 0.36
std. dev. 5.3 10.3 0.12 0.14 0.17 12.6 10.2 12.2 9.4 10.8 2.3 4.2 0.15 0.8 2.13 0.39
TABLE I: First line: parameters for a benchmark model for succesful baryogenesis and observed DM abundance. Lower lines:
mean and standard deviation of parameters from 600 random models with BAU and DM relic density of the right order of
magnitude. Units are GeV for all dimensionful parameters. Subscript n refers to quantities at the nucleation temperature.
-20 -10 0 10 20 30
zT
n
-5
0
5
10
i/T
10-8
( /T
n
)/100
/T
n
/T
n
FIG. 4: Solution to di↵usion equations for our benchmark
model defined in Table 1.
where the thermal integrals Kh8,9(m  T ) are given in ap-
pendix E. An example of a solution of the fluid equations
(14) for the chemical potentials is shown in fig. 4.
Once µ⌧ is known, the baryon-to-entropy ratio can be
comput d as
⌘B =
405 sph
4⇡2 vw g⇤T
Z 1
 1
dz µ⌧ fsph e
 ⌫z (18)
where
fsph = mi
✓
1,
2.4T
 sph
e 40 v(z)/T
◆
(19)
modulates the baryon violation rate to account f the
local Higgs field VEV [4] and ⌫ = 45 sph/(4vw) accounts
f r washout of the aryo asymmetry in front of t e wall,
if it is very slowly moving. The sphaleron rate is  sph =
1.0 ⇥ 10 6 T . Fig. 6 shows the di↵erential asymmetry
generated around the wall corresponding to equation (18)
for our benchmark model.
The computation of t e wall velocity vw is di cult
[51, 52] and beyond the scope of this preliminary study,
but for typical v lues vw ⇠ 0.1 our predictions are rather
insensitive to it since the 1/vw factor in (18) is largely
cancelled by the vw prefactor in the source term (17).
This is evident in fig. 5 where we show the dependence of
the baryon a ymmetry on v for the benchmark model
from Table I. As expected, it goes to zero both for very
small vw ⇠ 10 4 (due to the e ⌫z factor in eq. (18)) and
at very large vw, close to the sound velocity 1/
p
3, where
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FIG. 5: The baryon asymmetry as a function of the wall
velocity vw for our benchmark model (see Table I). The right
plot is the same as the left one, but using a logarithmic scale.
the wall becomes a detonation, and baryogenesis is sup-
pressed by the inability of particles to di↵use away from
the wall. Between these extremes, there is a wide plateau
at vw ⇠ 0.1   0.4, where ⌘B is only mildly sensitive to
vw and it turns out that the situation is the same for
other parameter sets as well. This is what motivated our
assumed value for vw.
A concern for any scenario relying upon very strongly
first order transitions is that they tend to lead to faster
moving walls. Ref. [53] has studied this in the context
of two-field transitions such as we utilize and shown that
vw is a monotonically increasing function of vn/Tn, the
strength of the phase transition at the nucleation tem-
perature. However the exact value depends upon many
parameters, only a few of which are covered in ref. [53].
Most importantly vw strongly depends upon the friction
of the wall due to its interactions with particles in the
plasma. Our model has significant new sources of such
friction with sizable couplings, through the yL¯⌧   and
i⌘ ¯ 5S⌘ interactions. We leave a more detailed investi-
gation of vw in this model for future study.
5. COLLIDER CONSTRAINTS
The main particle physics constraint on our model
is from the Drell-Yan production of the charged Higgs
bosons from the inert doublet  , followed by their de-
cay into ⌧ and  , i.e., missing energy. This is the same
signature as from pair roduction of ⌧˜ sleptons in the
MSSM, so we can directly apply such limits, since the
production cross sections for ⌧˜L pairs is the same as
for  ±. ATLAS has set limits from Run 1 which are
not yet very constraining [54]. Only for m  . 20GeV
where
and (model specific) collision terms are
and the s urce
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FIG. 3: Dominant infrared-sensitive processes governing elas-
tic and helicity flipping scattering rates. The lines marked
with (x) indicate possible helicity flips of the   that enter
into the rate  hf . These are computed in the electroweak
symmetric phase in front of the wall, neglecting hypercharge
interactions.
critical bubble determined in [44]. The former is thinner
than the latter, but still & 6/T , justifying the semiclas-
sical approach to computing the baryon asymmetry that
we employ below. An example of the wall path in field
space, and its spatial profile, is shown in fig. 2.
To maintain consistency with our adoption of the Z2
symmetric tree-level potential, we can set Re(⌘m ) =
0. This corresponds to taking a CP-conserving coupling
of S to  , where S transforms as a pseudoscalar. In
a realistic treatment, there should be some breaking of
the Z2 symmetry; otherwise equal and opposite baryon
asymmetries are produced from neighboring regions of
the universe starting from false vacua with S > 0 or
S < 0, leading to a net vanishing asymmetry. However a
small breaking to remove the degeneracy is su cient to
dilute away any regions in the higher-energy vacuum by
the evolution of domain walls, and should not change our
estimate of the baryon asymmetry in a significant way, as
long as the domain walls formed when S condenses have
time to move away before tunneling to the electroweak
symmetry breaking vacuum occurs.
4. BARYON ASYMMETRY
To compute the chemi l potentials that induce b ryon
violation, we use the first-order di↵usion equations for the
chemical potential µi and velocity perturbations ui for
i =  ,  , L⌧ 2, following the method introduced for the
MSSM in ref. [47], which was refined by [48]. Here µ 
is the potential for negative minus positive helicity  ’s.
In the limit m  ! 0, the positive and negative helicity
states would correspond to the particle and antiparticle
states of the mass ess fermion. With m  > 0, there is no
distin tion between par icle and a tiparticle, but there
is still approximate conservation of the helicities, whose
damping by mass e↵ects will be taken into account in the
Boltzmann equations. Following the notation of ref. [48],
2 uL has dimensions of mass, and is proportional to the actual
velocity perturbation
the ensuing fluid equations can be concisely written as
A 
✓
µ0 
u0 
◆
= C    vwm2 0
✓
K2, µ 
K6, u 
◆
+
✓
0
Sh 
◆
Ai
✓
µ0i
u0i
◆
= Ci, for i =  , ⌧ (14)
where the coe cient matrices Ai and the collision factors
Ci are given by
Ai ⌘
✓
vwK1,i
 K4,i
1
vwK5,i
◆
, Ci ⌘
✓
Cµi
  ˜el,i ui
◆
, (15)
with
Cµ  = 2 ˜hf µ  + 2 ˜d (µ  + cµ⌧   cµ )
Cµ  =  ˜d (µ    µ⌧   cµ ) + 2 ˜⇥, (µ    µ⌧ )
Cµ⌧ =  ˜d(µ⌧ + cµ    µ ) + 2 ˜⇥,⌧ (µ⌧   µ ) . (16)
Here primes denote d/dz, where z is the direction trans-
verse to the bubble wall, vw is the wall velocity, m  =
(m2 + |⌘|2S2)1/2 is the magnitude of the field-dependent
  mass and thermal functions Ki,j ⌘ Ki(mj/T ) are de-
fined in [48].
The reaction rates appearing in (14) depend primarily
upon the (inverse) decay rates for   ! L⌧  and on the
scattering processes shown in fig. 3. These are the domi-
nant reactions because of infrared enhancement when the
intermediate particle exchanged in the t-channel goes on
shell, as described in appendices B and C. The tildes de-
note a particular normalization of the rates (see eq. (D7)
and following eq. (E5))) that are convenient for verify-
ing conserved quantities; in the present case total lepton
number n  + n⌧ which is conserved by the L¯⌧   inter-
action.  ˜hf is the rate of helicity-flipping scatterings due
to the diagram of fig. 3(a) with the   mass insertion.  ˜⇥
is the rate of  L¯⌧ !  ⇤L⌧ scatterings via mass insertion
of the internal   shown in fig. 3(c).  ˜el,i is the elastic
scattering rate for particle i and  ˜d is the (inverse) decay
rate   ! L⌧ . Details of the comp tations of the elas-
tic and helicity-flipping rates are given in appendices B
and C.
The deviation of the coe cient c from unity quantifies
t probability of helicity revers l of   in a decay pr cess
due to its thermal motion. It is crucial for the mechanism
that c > 0 since other ise there would be no net produc-
tion of µ⌧ from the (inverse) decays, as needed to bias
the sphalerons. However as discussed in appendix D, we
are far from the regime where c would be small enough
to significantly suppress the baryon asymmetry.
Finally, Sh  is the semiclassical source, which was first
derived in [47, 49] in the 1D-case and in [50] for 3D.
However, these works give the source in a particular spin-
eig nstate ba is, while here we find it more conven e t to
work in terms of, helicity eigenstates, defined in the wall
rest fra e. We derive the correct source in the helicity
basis in appendix E. The result is,
Sh  = vw
⇣
 Kh8 (m2 ✓0)0 +Kh9 ✓0m2 m2 0
⌘
, (17)
with ki m tic funct ons:
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with k0 on shell, e.g.,
hXi± ⌘ 1
N 
Z
d4kX(k0; ki) ✓(±k0)
⇥ |2k0|  
 
k20   !20 + hsih
m2 ✓
0
k0k
!
⇡ 1
N 
Z
d3kX
 
!0 ⌥ hsih
m2 ✓
0
2!0!0k
; ki
!
⇡ hX(!0; ki)i ⌥ hsihm2 ✓0
⌧
X 0(!0; ki)
2!0!0k
 
,(E4)
where N  i a n rmalization fact r, X 0 ⌘ dX/d!0 and
!20 = k
2 + m2 . This is the reason why also the CP-
even part of the force (E1) gives rise to a CP-odd source
(the Kh9 -source below). Working to leading order in gra-
di nts, one eventually finds the result (17) in the main
text, where
Kh8 (x) =
⌧
k2zf
0
0
2!0!20k|k|
 
Kh9 (x) =
⌧
k2z
4!20!
2
0k|k|
✓
f 00
!0
  f 000
◆ 
, (E5)
with f 00 = df0(!0)/d!0 and N  ⌘
R
d3k 00(m = 0). The
functions Kh8,9 di↵er from those derived from the S
s
 -
source, given in [48], but in practice the di↵ere ce be-
tw en the helicity-basis and spin-basis sourc s is small.
The e↵ect is shown in fig. 15 for our benchmark case. For
comparison, we show the change in the helicity source
due to adopting a straight line approximation between
the Tn-minima in the field space.
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FIG. 2: Solution to di↵usion equations for the model whose
parameters are shown in the first line of table I.
rameter space is given by
y 2 [0.5, 0.9], ⌘ 2 [0.025, 0.25],  m 2 [0.3, 0.6],
m  2 [40, 60], m  2 [100, 140],
log10(vc/wc) 2 [ 2, 1.5], v0/vc 2 [1.1, 10] (22)
In a random scan over 75,000 such models, we find 300
examples with a strong enough phase transition, and a
BAU of order the observed value. The best-fit model,
average values, and standard deviations of parameters
are given in table I. We do not claim that this is the only
region of parameter space that is viable; rather our aim
in this preliminary study is to demonstrate the existence
of one such region.
5. COLLIDER CONSTRAINTS
The main particle physics constraint on our model
is from the Drell-Yan production of the charged Higgs
bosons from the inert doublet  , followed by their de-
cay into ⌧ and  , i.e., missing energy. This is the same
signature as from pair production of ⌧˜ sleptons in the
MSSM, so we can directly apply such limits, assuming
that the production cross sections for ⌧˜ pairs is the same
as for  ±. ATLAS has set limits from Run 1 which are
not yet very constraining [44]. Only for m  . 20GeV
and m  < 130GeV is the model excluded, while for
m  ⇠= 40GeV and m  < 170GeV, the allowed produc-
tion cross section is less than a factor of 2 greater than
the predicted one. For our benchmark values we have
chosen m  ⇠= 40GeV, m  ⇠= 110GeV which should be
probed during Run 2 of the LHC.
6. DARK MATTER CONSTRAINTS
6.1. Relic density
Because of the Z2 symmetry under which  !    and
  !   , the lighter of the two of these particles is a
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FIG. 3: Dark matter relic density versus CP-portal coupling
y from scan of parameter space.
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FIG. 4: Relic density versus baryon asymmetry from scan of
parameter space.
stable dark matter candidate. Since   would have a very
large scattering cross section on nuclei through its weak
interactions, it is preferable to assume m  < m  so that
  is the dark matter.
The possible annihilation channels for   are    !
L⌧ L¯⌧ and    ! SS. Both are p-wave suppressed. We
find that the respective cross sections at lowest order in
relative velocity are given by
h vi⌧⌧¯ =
y4m (m4  +m
4
 )T
4⇡ (m2  +m
2
 )
4
⌘  0,⌧⌧
x
(23)
h viss =
⌘4 (m2   m2s)5/2 T
4⇡ (m2s   2m2 )4
⌘  0,ss
x
(24)
The relative velocity is given by v2 = (s  4m2 )/m2  and
its thermal average is hv2i = 6T/m  = 6/x. Our scans
of parameter space favor m  < mS so that the   ! SS
channel is blocked, hence we focus on annihilations to
⌧+⌧  + ⌫¯⌧⌫⌧ .
Using the analytic approximation of ref. [45], we find
a correlation between the relic density and y shown in
fig. 3. Varying parameters in the ranges (22), we find
that 0.6 . y . 0.75 can be compatible with the observed
value. Fig. 4 plots the scatter in the plane of relic density
versus baryon asymmetry, showing that it is easy to cover
the target region of observed values.
Dark sector EWBG succesfull EWBG and DM
Parameter scan:   
Region of parameters that gives the  
BAU and DM of the right magnitude:
Couplings reasonably small, so should easily be ma e UV-complete (not tested yet)
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a strong enough phase transition, and a BAU roughly
within an order of magnigtude of the required value. A
sample model, average values, and standard deviations4
of parameters are given in table I. We do not claim that
this is the only region of parameter space that is viable,
nor do we attach any rigorous meaning to the statistics;
rather our aim in this study is to demonstrate the exis-
tence of one such region, and to establish that it is not
the result of any special fine tuning of parameters.
Fig. 9 plots the scatter in the plane of relic density
versus baryon asymmetry, showing that it is easy to cover
the target region of observed values. Moreover, out of
the 600 models displayed, 21 (93) have both BAU and
DM within 20 (50) per cent of the observed value. The
coloring of dots shows the absolute value of the S ¯ -
oupling, which controls the size of the CP-violation in
the model. As expected, the large asymmetry is strongly
correlated with a large |⌘|.
In the left panel of Fig. 10 we show the correlation
between baryon as etry and the wall width. There
is only a slight positive correlation between large BAU
and small wall width. At any rate all wall widths are
large enough for the semiclassical method used to solve
the fluid equations to be valid. The right panel of Fig. 10
shows the correlation between v/T evaluated at the crit-
ical and nucleation temperatures. The supercooling is
never excessive; most of the models have vn/Tn between
one and two. However some amount the supercooling is
essential: none of the models would have survived the
naive sphaleron bound vc/Tc > 1.
4 The resulting distributions are not necessarily Gaussian or sym-
metric abound the mean values
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FIG. 10: Left: wall width against the baryon asymmetry.
Coloring shows the nucleation temperature in GeV. Right:
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8. CONCLUSIONS
We have demonstrated a new class of models for elec-
troweak baryogenesis that take advantage of a tree-level
barrier facilitated by a singlet scalar field to get a strong
first order phase transition. Unlike previous studies, we
obtain the CP violation needed for baryogenesis from
renormalizable interactions of the scalar with hidden sec-
tor particles, in particular with the dark matter. In this
way we avoid the need for unspecified new physics at
a low scale, and alleviate CP constraints from searches
for electric dipole moments. To our knowledge, this is
the first example of a model of electroweak baryogenesis
where dark matter plays an essential role in providing
the initial CP asymmetry. We introduce the notion of
a “CP portal” interaction to transmit the CP asymme-
try created in the dark sector to standard model parti-
cles, as needed to bias sphalerons to produce the baryon
asymmetry. This requires new particle content (an in-
ert Higgs doublet that can decay into dark matter and
leptons) which is near the discovery potential of LHC.
In the present model, the CP portal coupling also deter-
mines the dark matter relic density.
In this preliminary study, we have computed the
baryon asymmetry quantitatively, while making a num-
ber of simplifying assumptions that could be relaxed in
future work. The VEV of the scalar S was taken to van-
ish in the true vacuum, but as noted above, there should
be at least a small VEV to avoid domains containing
cancelling contributions to the baryon asymmetry; hence
the S !  S symmetry in the scalar potential should
be broken. It would be worthwhile to to quantify under
what conditions the higher-energy false vacua have time
to be diluted away before they disappear by tunneling to
the electroweak symmetry breaking vacuum. Breaking
of the S !  S symmetry could also introduce explicit
CP violation into the coupling of S to dark matter, as
oppposed to the purely spontaneous violation assumed
here. Moreover it could lead to potentially observable
signals for direct dark matter detection as explained in
section 6.2, and collider constraints from mixing of the
Higgs with the singlet.
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FIG. 7: Interactions contributing to dark matter-nucleon scattering. Left: Higgs exchange in extended model where S mixes
with Higgs. Middle: Higgs exchange generated by loop. Right: Photon exchange from anapole moment.
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recent constraint from PandaX-II [60] implies
✓hs⌘
0 < 0.04 (25)
for the benchmark model of table I (with m  = 56GeV,
ms = 109GeV, suggesting that future direct detection
may be likely for reasonable values of the parameters in
this extended version of the model.
In contrast, the loop-generated interactions shown in
the middle and right diagrams of fig. 7 lead to cross sec-
tions that are much smaller. (See ref. [61] for analysis of
a similar model.) The induced Higgs portal coupling has
a cross section of order
  ⇠= 0.3
2 ⌘4  2m
2
 m
4
N
162 ⇡5m4 m
4
h
⇠ 10 52 cm2 (26)
In addition to the Higgs portal,   gets an anapole mo-
ment interaction
e
⇤2
 ¯ µ 5 @⌫F
µ⌫ (27)
at one loop, with   and L⌧ in the loop. This leads to
a velocity-suppressed cross section for scattering on pro-
tons [62],
 p =
e4
2⇡⇤4
µ2 pv
2
 
1 + 2
µ2 p
m2p
!
(28)
where µ p ⇠= mp is the reduced mass. Estimating
⇤ = 4⇡m /y ⇠ 2TeV from the loop, using our fidu-
cial parameter values, we get a cross section of order
10 49cm2, still far below current sensitivities.
6.3. Indirect detection
Although the annihilations   ¯! ⌧+⌧  do not lead to
appreciable astrophysical signals, since they are p-wave
suppressed, there are two associated processes that are
not obviously innocuous. The one-loop diagram with vir-
tual ⌧ in the loop connected to two photons leads to a
monochromatic line from   ¯ !   . Such lines are con-
strained by Fermi/LAT [63], requiring a cross section be-
low 10 29 cm3/s for m  ⇠ 50GeV, and the most cuspy
assumed galactic dark matter density profile. Using ref.
[64], we find that th predicte cross section is
h vi   ⇠= 0.2 ↵
2y4
256⇡5m2 
⇠= 4⇥ 10 30cm3/s (29)
taking values from the benchmark model, which is still
below the least conservative of the Fermi constraints.
The full cross section for   ¯ ! ⌧+⌧  includ s an s-
wave contribution that is however helicity suppressed by
(m⌧/m )2, which we have neglected. It was pointed out
in ref. [65] that this suppression can be overcome by in-
ternal brehmsstrahlung, where a photon is emitted by
the charged particle exchanged in the t channel ( + in
our case). Using their results, we find a cross section for
emission of ⌧+⌧  
h vi⌧+⌧   ⇠= 3⇥ 10 30cm3/s (3 )
Since the photon is not monochromatic, we compare the
prediction to constraints on annihilation to general final
states from Fermi/LAT obser ations of dwarf galaxies
[66]. Atm  ⇠ 50GeV, the limits are of order 10 26cm3/s
rendering this channel harmless. The line searches thus
remain the most pro ising avenue for indirect discovery.
7. RESULTS
We performed random scans over the model parame-
ters to identify regions that give approximately the cor-
rect baryon asymmetry as well as the dark matter abun-
dance. A suitable region of parameter space is given by
y 2 [0.3, 0.8], ⌘ 2 [0.1, 0.9],  m 2 [0.3, 0.6],
m  2 [40, 60], m  2 [100, 140],
log10(vc/wc) 2 [ 2, 1.5], v0/vc 2 [1.1, 10] (31)
In a random sca over 670,000 such models, with a flat
pri r on the intervals (31) we find 600 examples with
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FIG. 9: Relic density versus baryon asymmetry from scan
of parameter space. Coloring of dots shows the value of the
coupling |⌘|.
a strong enough phase transition, and a BAU roughly
within an order of magnigtude of the required value. A
sample model, average values, and standard deviations4
of parameters are given in table I. We do not claim that
this is the only region of parameter space that is viable,
nor do we attach any rigorous meaning to the statistics;
rather our aim in this study is to demonstrate the exis-
tenc of one such region, and to establish that it is not
the result of any special fine tuning of parameters.
Fig. 9 plots the scatter in the plane of relic density
versus baryon asymmetry, showing that it is easy to cover
the target region of observed values. Moreover, out of
the 600 models displayed, 21 (93) have both BAU and
DM within 20 (50) per cent of the observed value. The
coloring of ots shows the absolute value of the S ¯ -
coupling, which controls the siz of the CP-violation in
the model. As exp cte , the lar e asymmetry is strongly
correlated with a la ge |⌘|.
In the left panel of Fig. 10 we show the correlation
between baryon asymmetry and the wall width. There
is only a slight positive correlation between large BAU
and small wall width. At any rate all wall widths are
large enough for the semiclassical method used to solve
the fluid equations to be valid. The right panel of Fig. 10
shows the correlation between v/T evaluated at the crit-
ical and nucleation temperatures. The supercooling is
never excessive; most of the models have vn/Tn between
one and two. However some amount the supercooling is
essential: none of the models would have survived the
naive sphaleron bound vc/Tc > 1.
4 The resulting distributions are not necessarily Gaussian or sym-
metric abound the mean values
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vn/Tn as a function of vc/Tc. Coloring shows the ratio of
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8. CONCLUSIONS
We have d monstrated a new class of models for elec-
troweak baryogenesis that take dvantage f a tree-level
barrier facilitated by a singlet scalar field to get a strong
first order phase transition. Unlike previous studies, we
obtain the CP violation needed for baryogenesis from
renormalizable interactions of the scalar wit hidden sec-
tor particles, in particular with the dark atter. In this
way we avoid the need for unspecified new physics at
a low scale, and alleviate CP constraints from searches
for electric dipole moments. To our knowledge, this is
the first example of a model of electroweak baryogenesis
where dark matter plays an essential role in providing
the initial CP asymmetry. We introduce the notion of
a “CP portal” interaction to transmit the CP asymme-
try created in the dark sector to standard model parti-
cles, as needed to bias sphalerons to produce the baryon
asy metry. This requires new particle content (an in-
ert Higgs doublet th t can decay into dark matter and
leptons) w ich is near the discovery potential of LHC.
In the present model, the CP portal coupling al o dete -
mines the dark matter relic density.
In this preliminary study, we have computed the
baryon asymmetry quantitatively, while making a num-
ber of simplifying ssumptions that could be relaxed in
future w rk. The VEV of the scala S wa taken to van-
ish in the true vacuum, but as n ted above, there should
be at least a small VEV to avoid domains containing
cancelling contributions to the baryon asymmetry; hence
the S !  S symmetry in the scalar potential should
be broken. It would be worthwhile to to quantify under
what conditions the higher-energy false vacua have time
to be diluted away before they dis ppear by tunneling to
the electroweak symmetry breaking vacuum. Breaking
of the S !  S symmetry could also introduce explicit
CP violation into the coupling of S to dark matter, as
oppposed to the purely spontaneous violation assum d
here. Moreover it could lead to potentially observable
signals for direct dark matter detection as explained in
section 6.2, and collid r co str ints from mixing of the
Higgs with the singl t.
8
-1.5 -1 -0.5 0 0.5 1 1.5
log10( B/ B,obs)
-1.5
-1
-0.5
0
0.5
lo
g 1
0(
D
M
 
h2
)
0.2
0.3
0.4
0.5
0.6
0.7
0.8
| |
FIG. 9: Relic density versus baryon asymmetry from scan
of parameter space. Coloring of dots shows the value of the
coupling |⌘|.
a strong enough phase transition, and a BAU roughly
within an order of magnigtude of the required value. A
sample model, average values, and standard deviations4
of parameters are given in table I. We do not claim that
this is the only region of parameter space that is viable,
nor do we at ach any rigorous meaning to the statistics;
rather our aim in this study is to demonstrate the exis-
tence of one such region, and to establish that it is not
the result of any special fine tuning of parameters.
Fig. 9 plots the scat er in the plane of relic density
versus baryon asymmetry, showing that it is easy to cover
the target region of observed values. Moreover, out of
the 60 models displayed, 21 (93) have both BAU and
DM withi 20 (50) per cent of the observed value. The
coloring of dots shows the absolute v lue of the S ¯ -
c upling, which contro s the size of the CP-violati n in
the model. As expected, the lar e asymmetry is strongly
cor elat d with a large |⌘|.
In the left panel of Fig. 10 we show the cor elation
betwe n baryon asymmetry and the wall width. There
is only a slight positive cor elation betwe n large BAU
and small wall width. At any rate all wall widths are
large enough for the semiclas ical method used to solve
the fluid equations to be valid. The right panel of Fig. 10
shows the cor elation betwe n v/T evaluated at the crit-
ical and nucleation temperatures. The superco ling is
never exces ive; most of the models have vn/Tn betwe n
one and two. However some amount the superco ling is
es ential: none of the models would have survived the
naive sphaleron bound vc/Tc > 1.
4 The resulting distributions are not necessarily Gaussian or sym-
metric abound the mean values
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FIG. 10: Left: wall width against the baryon asymmetry.
Coloring shows the nucleation temperature in GeV. Right:
vn/Tn as a function of vc/Tc. Coloring shows the ratio of
predicted and observed baryon asymmetry.
8. CONCLUSIONS
We h ve demonstrated a new clas of models for elec-
troweak baryogenesis that take advantage of a tre -level
bar ier facilitated by a singlet scalar field to get a strong
first order phase transition. Unlike previous studies, we
obtain the CP violation ne ded for baryogenesis from
renormalizable interactions of the scalar with hid en sec-
tor particles, n articular wi h the dark mat er. In this
way we avoid the ne d for unspecified new physics at
a low scale, and alleviate CP constraints from searches
for electric dipole moments. To our knowledge, this is
the first example of a model of electroweak baryogenesis
w ere dark mat er plays an es ntial role in providing
th initial CP symmetry. We introduce the notion of
a “CP portal” interaction to transmit the CP asymme-
try created in the dark sector to standard model parti-
cles, as ne ded to bias sphalerons to produce the baryon
asy m try. This requires new particle content (an in-
ert Hig s doublet that can decay into dark mat er and
leptons) which is near the discovery poten al of LHC.
In the present model, the CP portal coupling also deter-
mines the dark mat er relic density.
In this preliminary study, we have computed the
baryon asymmetry quantit tively, while making a num-
ber of simplifying as umptions that could be relaxed in
future work. The VEV of the scalar S was tak n to van-
ish in the true vacu m, but as noted ab ve, there should
be at least a small VEV to avoid domains containing
cancelling contributions to the baryon asymmetry; hence
the S !  S symmetry in the scalar potential should
be broken. It would be worthwhile to to quantify under
what conditions the higher-energy false vacua have time
to be diluted away before they disap ear by tun eling to
the electroweak symmetry breaking vacu m. Breaking
of the S !  S symmetry could also introduce explici
CP violation into the coupling of S to dark mat er, as
op osed to the purely spontaneous violation as umed
here. Moreover it could lead to potentially bs rvable
sig als for direct dark mat er detection as explained in
sec ion 6.2, nd collid r constraints from mixing of the
Hig s with he singlet.
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Dark sector EWBG main (collider) constraint
Main collider signature of the singlet χ and inert doublet φ model is the Drell-Yan production 
of  φ+φ− followed by φ± → τ±χ, exactly as  pp → τ  ̃τ  ̃∗, τ  ̃ → τχ01 in the MSSM. 
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Figure 9. Upper limit on the signal strength for the associated production of ⌧˜R⌧˜R and ⌧˜L⌧˜L,
for di↵erent lightest neutralino masses and as a function of the ⌧˜R mass. See text for details of
exclusion curves and uncertainty bands.
production is constant, this process dominates in the remaining allowed region at large M2
and µ. Direct stau production accounts for 60% of the events for M2 = µ = 400 GeV, and
85% of the events for M2 = µ = 500 GeV.
Figure 10(b) shows the exclusion limits in the µ-M2 plane for the pMSSM model with
variable stau mass. For both pMSSM models, the excluded  ˜±1 ( ˜02) mass range is 100–
350 GeV as can be seen from the light grey iso-mass lines of  ˜±1 ( ˜02). For values of µ
larger than those simulated for this analysis, the pMSSM phenomenology is similar to that
studied here. For larger values of M2, the production cross section of heavier neutralinos
and charginos increases. In general, the shown limits on the lightest chargino mass can
be expected to be similar also at large µ (M2) for values of M2 (µ) in the range 150–350
(100–300) GeV.
In the pMSSM model with fixed stau mass, SR-DS-highMass provides better exclusion
at high µ, M2. For M2, µ < 200 GeV, SR-C1N2 and SR-C1C1 provide the most stringent
limits. In the pMSSM model with variable stau mass, SR-C1N2 and SR-DS-highMass give
the best sensitivity in the whole parameter space.
– 28 –
ATLAS: 1407.0350 
Run 2 should probe the model in inter ting parameter r nge 
JHEP 1410 (2014) 096 
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FIG. 2: Solution to di↵usion equations for the model whose
parameters are shown in the first line of table I.
rameter space is given by
y 2 [0.5, 0.9], ⌘ 2 [0.025, 0.25],  m 2 [0.3, 0.6],
m  2 [40, 60], m  2 [100, 140],
log10(vc/wc) 2 [ 2, 1.5], v0/vc 2 [1.1, 10] (22)
In a random scan over 75,000 such models, we find 300
examples with a strong enough phase transition, and a
BAU of order the observed value. The best-fit model,
average values, and standard deviations of parameters
are given in table I. We do not claim that this is the only
region of parameter space that is viable; rather our aim
in this preliminary study is to demonstrate the existence
of one such region.
5. COLLIDER CONSTRAINTS
The main particle physics constraint on our model
is from the Drell-Yan production of the charged Higgs
bosons from the inert doublet  , followed by their de-
cay into ⌧ and  , i.e., missing energy. This is the same
signature as from pair production of ⌧˜ sleptons in the
MSSM, so we can directly apply such limits, assuming
that the production cross sections for ⌧˜ pairs is the same
as for  ±. ATLAS has set limits from Run 1 which are
not yet very constraining [44]. Only for m  . 20GeV
and m  < 130GeV is the model excluded, while for
m  ⇠= 40GeV and m  < 170GeV, the allowed produc-
tion cross section is less than a factor of 2 greater than
the predicted one. For our benchmark values we have
chosen m  ⇠= 40GeV, m  ⇠= 110GeV which should be
probed during Run 2 of the LHC.
6. DARK MATTER CONSTRAINTS
6.1. Relic density
Because of the Z2 symmetry under which  !    and
  !   , the lighter of the two of these particles is a
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FIG. 4: Relic density versus baryon asymmetry from scan of
parameter space.
stable dark matter candidate. Since   would have a very
large scattering cross section on nuclei through its weak
interactions, it is preferable to assume m  < m  so that
  is the dark matter.
The possible annihilation channels for   are    !
L⌧ L¯⌧ and    ! SS. Both are p-wave suppressed. We
find that the resp ctive cross sections at lowest order in
relative velocity are given by
h vi⌧⌧¯ =
y4m (m4  +m
4
 )T
4⇡ (m2  +m
2
 )
4
⌘  0,⌧⌧
x
(23)
h viss =
⌘4 (m2   m2s)5/2 T
4⇡ (m2s   2m2 )4
⌘  0,ss
x
(24)
The relative velocity is given by v2 = (s  4m2 )/m2  and
its thermal average is hv2i = 6T/m  = 6/x. Our scans
of parameter space favor m  < mS so that the   ! SS
channel is blocked, hence we focus on annihilations to
⌧+⌧  + ⌫¯⌧⌫⌧ .
Using the analytic approximation of ref. [45], we find
a correlation between the relic density and y shown in
fig. 3. Varying parameters in the ranges (22), we find
that 0.6 . y . 0.75 can be compatible with the observed
value. Fig. 4 plots the scatter in the plane of relic density
versus baryon asymmetry, showing that it is easy to cover
the target region of observed values.
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stable dark matter candidate. Since   would have a very
large scattering cross section on nuclei through its weak
interactions, it is preferable to assume m  < m  so that
  is the dark matter.
The po ible annihilation channels for   are    !
L⌧ L¯⌧ and    ! SS. Both are p-wave suppressed. We
find that the respective cross sections at lowest order in
relative velocity are given by
h vi⌧⌧¯ =
y4m (m4  +m
4
 )T
4⇡ (m2  +m
2
 )
4
⌘  0,⌧⌧
x
(23)
h viss =
⌘4 (m2   m2s)5/2 T
4⇡ (m2s   2m2 )4
⌘  0,ss
x
(24)
The relative velocity is given by v2 = (s  4m2 )/m2  and
its thermal averag is hv2i = 6T/m  = 6/x. Our scans
of parameter space favor m  < mS so that the   ! SS
channel is blocked, hence we focus on annihilations to
⌧+⌧  + ⌫¯⌧⌫⌧ .
Using the analytic approximation of ref. [45], we find
a correlation between the relic density and y shown in
fig. 3. Varying parameters in the ranges (22), we find
that 0.6 . y . 0.75 can be compatible with the observed
value. Fig. 4 plots the scatter in the plane of relic density
versus baryon asymmetry, showing that it is easy to cover
the target region of observed values.
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BAU of order the observed value. The best-fit model,
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stable dark matter candidate. Since   would have a very
large scattering cross section on nuclei through its weak
interactions, it is preferable to assume m  < m  so that
  is the dark matter.
The possible annihilation channels for   are    !
L⌧ L¯⌧ and    ! SS. Both are p-wave suppressed. We
find that the respective cross sections at lowest order in
relative velocity are given by
h vi⌧⌧¯ =
y4m (m4  +m
4
 )T
4⇡ (m2  +m
2
 )
4
⌘  0,⌧⌧
x
(23)
h viss =
⌘4 (m2   m2s)5/2 T
4⇡ (m2s   2m2 )4
⌘  0,ss
x
(24)
The relative velocity is given by v2 = (s  4m2 )/m2  and
its thermal average is hv2i = 6T/m  = 6/x. Our scans
of parameter space favor m  < mS so that the   ! SS
channel is blocked, hence we focus on annihilations to
⌧+⌧  + ⌫¯⌧⌫⌧ .
Using the analytic approximation of ref. [45], we find
a correlation between the relic density and y shown in
fig. 3. Varying parameters in the ranges (22), we find
that 0.6 . y . 0.75 can be compatible with the observed
value. Fig. 4 plots the scatter in the plane of relic density
versus baryon asymmetry, showing that it is easy to cover
the target region of observed values.
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Conclusions
Simplicity: an interesting paradigm to follow
- DM
- Strong EWPT
Some aspects are easily realized with help of singlets 
EWBG challenged by need for new, unconstrained CP-violation
- Unification and Hieararchy Problem maybe not relevant
Dark sector EWBG with a CP-portal,  can fulfill all expectations: 
DM, BAU and (likely) UV-completeness 
Will be probed by LHC run II  
DM and BAU require BSM physics
- “Complete” solutions appear to be in decline (no SUSY found)
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Figure 14: The running of the SM gauge and top Yukawa couplings with
⇠ = 0.024.
With these initial conditions the running of the gauge and top Yukawa cou-
plings can be solved.
I start by solving the running of the gauge coupling constants, since the
 -function of each gauge coupling depends only on the coupling itself and
thus it can be solved independently of the other couplings at one-loop level.
After that, running of the top Yukawa coupling can be calculated, since its  -
function depends on the gauge couplings but not on the Higgs self-coupling.
Solutions of these  -functions are shown in Figure 14. Very similar results
were found in [22]. The drop at log(µ) ⇡ 45, i.e. at the Planck mass scale,
is due to gravitational corrections. From Equation (63) one can see that
gravitational corrections are negligible until µ ⇡ MP because of the large
denominator M2P + ⇠µ2. At the Planck mass scale gravitational corrections
became significant and being negative corrections they force the running
towards zero. This happens also for the hypercharge coupling g1 which in
the SM blows up at very large scales. As a conclusion, the gauge and top
Yukawa couplings are asymptotically free and the three gauge couplings are
unified at the Planck scale if gravitation is taken in as an asymptotically safe
theory.
Solution for the Higgs self-coupling is still missing however. For   I do
not have an initial condition from measurements but the aim is to find it nu-
merically from the condition that it stays finite to arbitrarily high scales. To
this end I solve the diﬀerential equation group for   2 {0, 0.05, 0.1, . . . , 1.2}
and find the correct   by iterating.
From Figure 15a one can see that running of the Higgs self-coupling  
is very unstable as the initial value changes, and that for the set of chosen
initial values the running either drops below zero or blows up at high scales.
However, iterating the initial value between 0.15 and 0.20, between the last
36
Asymptotic safety by Gravity, maybe 
no need for FT unification
Gravitational Correction to Running of Gauge Couplings
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We calculate the contribution of graviton exchange to the running of gauge couplings at lowest
nontrivial order in perturbation theory. Including this contribution in a theory that features coupling
constant unification does not upset this unification, but rather shifts the unification scale. When
extrapolated formally, the gravitational correction renders all gauge couplings asymptotically free.
DOI: 10.1103/PhysRevLett.96.231601 PACS numbers: 12.10.Kt, 04.60.!m, 11.10.Hi
The straightforward framework for quantum gravity—
general relativity quantized for small fluctuations around
flat space—is a famously nonrenormalizable quantum
field theory [1–4]. Nevertheless, this framework is appro-
priate for describing interactions at energies and momenta
below the Planck scale MP "
!!!!!!!!!!!!!!!!!!!!!!!
@c=GNewton
p # 1:4$
1019 GeV=c2 when treated as an effective low-energy the-
ory. Indeed, if one makes subtractions to normalize physi-
cal couplings at an energy scale E0 well belowMP in such a
way as to enforce the Einstein-Hilbert action of general
relativity at the classical level with minimal couplings and
a vanishing (or very small) cosmological term, then quan-
tum corrections to this classical action at scale Ewill occur
with coefficients containing positive powers of %E!
E0&=MP, a small number. That procedure is the implicit
foundation for practical use of classical general relativity
as a model of nature despite the existence of quantum
mechanics. It therefore underlies an enormous range of
successful physical and astrophysical applications. Only
the classical theory really comes into play in those appli-
cations, because the quantum corrections are quantitatively
small. Thus, the conceptual framework of effective field
theory provides a sophisticated rationalization for proceed-
ing naı¨vely in applying the classical theory.
Still, as Donoghue has emphasized [5], calculating cor-
rections to the classical theory is a problem of method-
ological interest. Moreover, quantitative considerations
concerning interactions at ultrahigh energy scales, perhaps
approaching the Planck scale, are important in assessing
the possibility of gauge theory coupling unification [6,7].
Also, the size of gravitational corrections, in comparison to
the leading classical term, give an objective indication for
the characteristic scale for the onset of quantum gravity
phenomenology. With these motivations, we consider here
the one-loop (that is, first nontrivial order in perturbation
theory) gravitational correction to running of gauge theory
couplings.
We will perform this calculation directly in the frame-
work described above. Any would-be fundamental theory
of quantum gravity should reproduce the same result in the
limit of the physical scenario considered here, which is
bosonic gravity in a four-dimensional Minkowski back-
ground, with general matter and gauge sectors, at energies
below the Plank scale. Related calculations have been done
in string theory [8,9], but this brings in several additional
structures simultaneously, and we have found the results
difficult to compare.
Form of the correction.—The character of the correction
can be determined on very general grounds. The one-loop
Feynman diagrams of interest involve a gluon vertex
dressed by graviton exchange (see Fig. 1). Alternatively,
one could calculate the running coupling of a gluon to a test
‘‘matter’’ field. Gauge invariance (i.e., universality of the
gauge coupling) implies that the same result must be
obtained. This consideration highlights a cancellation be-
tween vertex and wave function renormalization, guaran-
teed by Ward identities, as is familiar in QED.
Since the gauge boson vertex has strength g and grav-
itons couple to energy momentum with a dimensional
coupling / 1=MP, dimensional analysis implies that the
running of couplings in four dimensions will be governed
by a Callan-Symanzik ! function of the form
g
E
Mp
EE
Mp
FIG. 1. A typical Feynman diagram for a gravitational process
contributing to the renormalization of a gauge coupling at one
loop. Curly lines represent gluons. Double lines represent grav-
itons. The three-gluon vertex ! is proportional to g, while the
gluon-graviton vertex " is proportional to E=MP.
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Expanding b1 in GN yields
b1(GN) = bG
2
N +O(G3N) ,
and substituting this back to (62) gives
 GN = ✏GN   bG2N +O(G3N) .
Thus one can see that if the coeﬃcient b is positive, there is a fixed point
at G⇤N = ✏/b + O(✏2). The precise values of b depends of the number of
fermion, gauge and scalar fields in diﬀerent models. Examples of b computed
for various models are found in [10]. The conclusion is that gravitation in
two-dimensional spacetime may indeed be considered as an asymptotically
safe theory.
Continuation of the previous result to four dimensions has turned out to
be not so easy. Hard work with functional renormalisation group methods
has given some evidence of existence of a non-Gaussian fixed point in four
dimensions, but there is no actual proof that quantum gravity in four dimen-
sions is an AS theory [13–18]. Furthermore, there is research done about AS
with diﬀerent m dels and t ose m dels coupled to gravity [19–21].
4.3 Gravitational contribution to beta-functions
In this section I discuss gravitational corr ctions to the SM  -function for
each SM coupli g. Deriving these r sults would be beyond the scope of this
thesis. A lot of new ethods would be needed to do that, so I just collect
the results publish d elsewhere. I [5] a general form of the gravitational
correction to the SM couplin gj is give to be
 gravgj =
aj
8⇡
µ2
M2P(µ)
gj , (63)
where aj is a constant which depends on which coupling one is considering
and µ is the energy scale. In the denominator M2P(µ) is a scale dependent
Planck mass defined as M2P(µ) = M2P + ⇠µ2, where ⇠ ⇡ 0.024 is a constant.
According to [22] the gravitational correction at one-loop level for a gen-
er l Yang-Mills theory minimally coupled to gravity is negative and ag ⇡  1.
This result has been criticised because of its possible gauge dependence
[23,24]. However, work done in [25,26] supports the results in [22].
In [5] the gravitational correction for the Higgs self-coupling is positive
and a  ⇡ 3 based on [27–29] and for top Yukawa ayt ⇡  0.5 based on [30].
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has given some evidence of existence of a non-Gaussian fixed point in four
dimensions, but there is no actual proof that quantum gravity in four dimen-
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Hierarchy problem Excessive running of Higgs mass:
Naive renormalization with a cutoﬀ:
Same also from Wilsonian RGE-flow argument
 m2H =  
3y2f
8⇡2
⇤2UV
However, both arguments introduce an arbitrary scale, breaking

conformal invariance.  Eg. in dimensional regularization, instead:
m2 2, g 3
  4, Fµ⌫F
µ⌫ ,  ¯  
g 5, (Fµ⌫µ⌫ )
2,  ¯ 2 
~constant
grow
die
hence FT:s

are so simple! 
problem
}
 m2H ⇠  
3y2f
8⇡2
m2f
✏
=>
=>
1) same as for fermions

2) vanishes if no new mass scales
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2HDM bounces back (not likely)
Very low scale Landau poles at ~TeV =>  
    - No UV-completion 

    - Problem is with the CP-violation
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Figure 2. EDM constraints for benchmarks described in text. The dash-dotted line corresponds
to the eEDM bound before the ACME experiment. The black dashed lines correspond to the
minimum CPV phase necessary for successful baryogenesis for M = mH0 = 200 GeV and varying
mA0 = mH± .
Figure 2 shows the minimum value of the complex phase  1   2 for which ⌘B/⌘obs = 1
as a function of tan , for M = mH0 = 200 GeV and several values of mA0 = mH± within
the range [450, 490] GeV, corresponding to the hierarchical 2HDM benchmark scenario
presented in section 3. As expected, large values of tan  suppress the generation of the
BAU due to eq. (3.4), whose e↵ect has to be compensated by a larger value of  1    2
to keep ⌘B/⌘obs = 1. The impact of the recent order-of-magnitude improvement on the
electron EDM bound from the ACME experiment is highlighted in figure 2 by showing
also the exclusion curve (dotted-dashed blue) from the previous eEDM limit. We note that
while the neutron-EDM was a competing bound before, the improvement from the ACME
experiment now makes the eEDM to provide the dominant constraint by far. Also shown
in figure 2 are the excluded regions from Bd   Bd mixing, corresponding to tan  . 1.16,
and from CMS searches for A0 ! ZH0 with LHC 8 TeV data [79], corresponding (for
mA0 = 480 GeV) to tan  . 1.8. For mA0 ⇡ 480 GeV there remains then an allowed
window 1.8 . tan  . 2.5 for which the correct BAU could still be obtained in this
scenario. In figure 2 we also present for illustration the results for mA0 < 480 GeV,
potentially excluded by the B ! Xs  flavour bound6. The values of the wall thickness
in this case are somewhat larger, LwTn ⇠ 2   3, and we can be more confident about the
validity of the gradient expansion (nevertheless the curves shown in figure 2 all take into
6This is the case for mA0 = mH± . We however note that a small positive mass splitting mH±  mA0
is allowed by electroweak precision observables, such as to make the scenario mA0 . 480 GeV potentially
compatible with both constraints.
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Figure 1. Phase transition strength (left) and wall thickness (right) as a function of fractional
vacuum energy released in the plasma at nucleation temperature Tn for the simplified toy model
(dashed line), the corresponding 2HDM with M = mh/
p
2, tan  = 1 and degenerate masses (green
solid line) and the hierarchical case considered throughout this work (blue solid line). Also shown
are the wall velocities for the toy model (dot-dashed line).
principle there is also a dependence on the wall velocity vw, expected to be mild as long as
the wall remains subsonic [25].
3.3 Bubble Wall Velocity
To estimate vw we consider a simplified model with four scalars acquiring masses from
their coupling to a SM-like Higgs according to ms =  hh0i/
p
2. This is equivalent to an
aligned 2HDM with M = mh/
p
2 and tan  = 1, neglecting the self-interactions of the ad-
ditional scalars. This latter simplification, together with the fact that the phase transition
dynamics in this toy model involves only one scalar field, allows for a more straightforward
solutio of the EoMs for the scalar field, as is necessary to determine the wall velocity. The
friction induced by the fluid is modelled by a single friction parameter, ⌘, following [87].
In a first step, this parameter is determined at the runaway point [88, 89], correspond-
ing to   = 2.29. It is then extrapolated to weaker transitions by applying the scaling
⌘ ⇠ exp( pv/T ) found in [87]. By construction, this procedure correctly reproduces bub-
ble runaway, and leads to a reliable determination of the deflagration/detonation boundary,
which is crucial for successful baryogenesis. We show in figure 1 a comparison of the rele-
vant phase transition parameters, namely vn/Tn, LwTn and the fraction of vacuum energy
density released in the phase transition in terms of radiation energy in the plasma [89],
↵n ⌘ ⇢vac
⇢rad
, (3.5)
for the toy model, the corresponding 2HDM with M = mh/
p
2, and the hierarchical
case considered in the rest of the paper. The parameter ↵n, which will be key for the
computation of the GW spectrum from the EWPT, can also be seen as a measure of the
phase transition strength: the stronger the transition, the more energy is released into the
plasma, leading to greater ↵n. Also shown in figure 1 are the values of the wall velocity
for the toy model, which show that bubble walls remain subsonic even for very strong
– 8 –
Do sh, Huber, Konstandin and No, 
arXiv:1611.05874 
M = mH0 = 200 GeV and varying mA0 =mH±. 
Recent paper claim 2HDM (with Z2 symmetry) is still OK (and may also give lots of GW’s)
= h2/h1
But model requires 

very small LwT<2,

 

very large vn/Tn ≈ 3-5 
very large couplings
=> Neither the semiclassical BEq’s, nor

     perturbative ﬀective action r liabl
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Singlet model: BAU and gravitational waves
This singlet model can also give rise 
to an observable gravitational wave  
signature:
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Gravitational waves from the early Universe
Mark Hindmarsh1,2, Stephan Huber1, Kari Rummukainen2 and David Weir3
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FIG. 3. Shown are points from the scan with  s = 0.1 which are not excluded by the Higgs invisible decay constraint. Color
coding shows the ratio of the bubble nucleation temperature Tn and the critical temperature Tc. Parameters shown are the
bubble wall velocity ⇠w, the bubble wall width Lw, and the relative velocity between the bubble wall and the plasma just in
front of the wall, vw. Right from the vertical dashed lines in the left and middle panels the transition is su ciently strong for
baryogenesis. The green solid lines show the sound velocity cs = 1/
p
3. On the right panel only the points for which vn/Tn > 1
are shown, and the blue dashed line corresponds to vw = ⇠w.
where ↵ is the ratio of released vacuum energy in the
transition to that of the radiation bath at Tn,
↵ =
1
⇢ 
✓
V+   V  + T
4
n
3
(a+   a )
◆
, (16)
and ↵+ is given in the Appendix of Ref [42]. The a±
parameters are given by
a± =
431⇡2
120
  3
4T 3n
dV±
dT
, (17)
and the potential energies V± are defined as V+ =
V (0, wn) and V  = V (vn, 0). For the friction parame-
ter ⌘ we use the Standard Model value [42, 43],
⌘ ⇡ 8.6⇥ 10
 3
LwTn
✓
vn
Tn
◆4
, (18)
where Lw is the bubble wall width. We expect this es-
timate for ⌘ to be su cient since the singlet scalar in-
teracts with the Standard Model particles only via the
Higgs portal and the dimension 6 operator.
We solve the bubble wall velocity for the scanned
points, which are not excluded by Higgs invisible decay.
We accept only the points for which deflagration solu-
tions, necessary for electroweak baryogenesis, exist, e.g.
↵ <
1
3
(1  ⇠w) 13/10. (19)
In the left panel of Fig 3 the bubble wall velocity is shown
for the these points as a function of vn/Tn, which char-
acterizes the strength of the transition.
V. ELECTROWEAK BARYOGENESIS
The baryogenesis in the model relies on spatially vary-
ing complex top quark mass, given by the dimension 6
operator (2), over the bubble wall. The top quark mass
as a function of z, which measures the distance from the
bubble wall, is given by
mt(z) =
ytp
2
h(z)
✓
1 + c
s(z)2
⇤2
◆
. (20)
We assume that the bubble wall profile is of the form
h(z) =
vn
2
✓
1 + tanh
✓
z
Lw
◆◆
,
s(z) =
wn
2
✓
1  tanh
✓
z
Lw
◆◆
,
(21)
where vn and wn are the expectation values of h in bro-
ken phase and s in symmetric phase, respectively, at the
bubble nucleation temperature Tn.
For the bubble wall width we use a very simple esti-
mate [44]
L2w =
v2n
8Vb
, (22)
where Vb is the height of the potential barrier between
the two minima at Tn. The bubble wall widths for the
scanned points are shown in the middle panel of Fig 3.
We will later also study how the results change as a func-
tion of Lw.
The complex phase of the top quark mass induces a
chiral force at the bubble wall region, due to which par-
ticles and antiparticles are slowed di↵erently. The e↵ect
of this force di↵uses outside the wall producing a chiral
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FIG. 3. Shown are points from the scan with  s = 0.1 which are not excluded by the Higgs invisible decay constraint. Color
coding shows the ratio of the bubble nucleation temperature Tn and the critical temperature Tc. Parameters shown are the
bubble wall velocity ⇠w, the bubble wall width Lw, and the relative velocity betw en the bubble wall and the plasma just in
front of the wall, vw. Right from the vertical dashed lines in the left and middle panels the transition is su ciently strong for
baryogenesis. The green solid lines show the sound velocity cs = 1/
p
3. On the right panel only the points for which vn/Tn > 1
are shown, and the blue dashed line corresponds to vw = ⇠w.
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Dark energy …
It may require:
“Extended”
“Alternative”
  or
gravity
gravity
gravity = truth, facts
facts   
t uths  
 …or it is an illusion. Anyway, I will not consider it here…
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EWBG in a nutshell
• At critical temperature Tc ∼ 100 GeV, bubbles of true vacuum
(⟨H⟩ ̸= 0) form and start expanding.
• Particles interact with wall in a CP violating way.
• Baryon asymmetry forms inside the bubble.
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EWBG in a nutshell
• At critical temperature Tc ∼ 100 GeV, bubbles of true vacuum
(⟨H⟩ ̸= 0) form and start expanding.
• Particles interact with wall in a CP violating way.
• Baryon asymmetry forms inside the bubble.
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CP-violating source in transport eqs.
SC force
vev-insertion expansion
•Thin wall: quantum
•Thick wall SC: Joyce, Prokopec, Turok, Cline, KK, Schmidt, 
Weinstock, Konstandin, ...
Riotto, Carena, Quiros, Wagner, ...
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(CP-even) dynamics of the expanding wall
Parametrized by vw and  (z)
Espinosa, Konstandin, 
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B-violation I/EW chiral anomaly
Baryon + (and) lepton current Chern-Simons current
NOETHER:
Nonperturbative fluctuations can lead to “large” gauge 
transformations that to change baryon and lepton numbers.
∆NB+L = Nf ∆NCS
gauge fields
Nf ∂µj
µ
CS
[
A
a
µ
]
=∂µj
µ
B+L = Nf
g
2
16π2
∗
FµνF
µν
B perturbatively conserved in SM => Proton stability! 
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     You are here
equivalent vacua
Vectorlike doublets and sphalerons
Usual sphaleron transition can be understood as a level-crossing of
fermion zero modes.
NCS NCS
L
R
L
R
R
L L
R
But with mass gap, transition is suppressed by probability to jump
between levels,
P ∼ e
−
M2
αwT2
Since T ∼ 100GeV andM > 100GeV (LEP bound), this
suppresses the sphaleron rate too much.
Must transfer the CP asymmetry to massless fermions.
J. Cline, McGill U. – p. 18
Fermion zero modes 

kicked from vacuum
Kuzmin, Rubakov and 

Shaposhnikov, -85
- SLOW at T=0 (tunnelling)
- FAST at high T (thermal activation)
‘tHooft -76
Γ ∼ e−ESph(T )/T
ESph(T )
T
≈ 40
φ
T
Le
Lµ
τL
Q2
Q3
Q1
∆Β = ∆L = 3
L
L
L
R
L L
LL
L L
L L
L L L L
L L
baryon
asymmetry
sphalerons
diffusion
of baryons
symmetric phase, H = 0
moving
bubble
wall
broken phase,
H > 0
J. Cline, McGill U. – p. 16
     , if  B NEEDS A BIG 
JUMP IN THE 

ORDER PARAMETER

AT TRANSITION     , if  B  /T > 1.1
 /T < 1.1
B-violation II/G-vacuum/CS#-diffusion/level crossing
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